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SOME N E W  MECHANISMS AND CONCEPTIONS OF STALL 
INCLUDING 

THE BEHAVIOR OF VANED 'AND UNVANED DIFFUSERS 

by Stephen Jm Kline 

SUMMARY 

The flow i n  sub-sonic, plane-walled, two-dimensional 
d i f f u s e r s  with t h i n  i n l e t  boundary layers  i s  discussed. I t  
is shown t h a t  only some of the results found i n  unvaned 
d i f f u s e r s  and l i t t l e  o r  none of the r e s u l t s  found f o r  vaned 
d i f f u s e r s  can be rat ional ized by arguments based so le ly  on 
the conventional model of the flow employing a two- 
dimensional boundary layer.  It  i s  a l s o  shown t h a t  some 
well-known, viscous motions e x i s t  i n  which a steady two- 
dimensional model of the flow cannot s a t i s f y  the laws of  
motion f o r  the wal l  layers.  

t h a t  the  incept ion  of s t a l l  i s  a three-dimensional t ran-  
s i e n t  phenomenon, a t  l e a s t  f o r  the cases observed, but 
a l s o  t h a t  under some circumstances, " t r ans i to ry  s p o t s  of 
s t a l l "  e x i s t  very close t o  the  wal l  even i n  extremely m i l d  
adverse pressure gradients.  A c l a s s i f i c a t i o n  of the types 
of s t a l l  i s  suggested, and a descr ip t ion  of the flow mech- 
anisms an8 important parameters i s  given f o r  each type. 

This discussion of the  mechanisms suggests t h a t  i n  
order  t o  expla in  the behavior of s t a l l  i n  a l l  of the ob- 
served regimes it i s  necessary t o  introduce new flow 
models i n  some cases and also t o  consider no t  only the  
forces  i n  the boundary layer  but a l s o  the e f f e c t  of con- 
t i n u i t y  and the in te rac t ion  between the main stream and the 
viscous port ion of  the flow. Arguments re la ted  t o  the 
energy requirements of the boundary layer  a r e  a l so  i n t r o -  
duced; these confirm the force and cont inui ty  arguments 

Simple experiments a re  described which show not  only 
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and y i e l d  addi t iona l  information on losses .  
Simple experiments t h a t  ve r i fy  the  concepts developed 

a r e  described, The same concepts a r e  a l s o  used t o  analyse 
o the r  known but previously inexpl icable  phenomena, and 
a r e  found t o  y i e ld  q u a l i t a t i v e l y  co r rec t  r e s u l t s ,  In- 
cluded among the phenomena which can be r a t iona l i zed  by 
these  means a r e  such diverse  r e s u l t s  a s  the  shape of the 
pressure recovery curve f o r  simple d i f fus ing  passages, the 
reason f o r  the l a rge  pressure pulses and excessive lo s ses  
found i n  d i f fus ing  passages of low angle,  the  ac t ion  of 
s p l i t t e r s  i n  the  wake of  bluff  bodies, the under f i l ing  of  
compressor blades and the d e t a i l e d  ac t ion  of s p l i t t e r s  
and multiple vane systems i n  improving the performance of  
d i f f u s e r s ,  

t h i s  appl ies  both t o  the discussion of mechanisms and t o  
the  r a t i o n a l i z a t i o n  of performance based on the  r e s u l t i n g  
conceptse While c e r t a i n  fragmental mathematical analyses 
a r e  given, they a r e  used pr imari ly  t o  b o l s t e r  the  argu- 
ments r a the r  than a s  proofs, This i s  i n  keeping w i t h  the  
ob jec t ive  of the  discussion which i s  t o  attempt t o  c l a r i f y ,  
d i s t i n g u i s h  and explain the basic  flow models f o r  the 
var ious types of  s t a l l .  Further  work i s  c l e a r l y  needed t o  
t e s t  the  conceptions developed and t o  pe r fec t  the  flow 
models discussed both empir ical ly  and t h e o r e t i c a l l y o  De- 
sp i t e  these  l i m i t a t i o n s  the success a l ready obtained i n  
r a t iona l i z ing  performance suggests t h a t  th i s  ma te r i a l  may 
a l ready  be o f  some usefulness not  only i n  research but i n  
design, 

The work presented i s  pr imari ly  q u a l i t a t i v e  i n  nature;  
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Actual pressure recovery = 1-2 

Idea l  pressure recovery = 1 - (W1/W2) 2 

Total s tored energy p e r  pound of f l u i d  
I n t e r n a l  thermal energy per pound of f l u i d  (of ten  
denoted a s  u) 
Head l o s s  due t o  d i s s ipa t ion  

Non-dimensional head l o s s  

See Fig .  l3a 
Flow enthalpy = e + pv 
See Fig. l3a 
S t a t i c  pressure 
Stagnation pressure 
Heat 
Local ve loc i ty  i n  the  x d i r e c t i o n  
Free stream ve loc i ty  outs ide the  boundary l aye r  
One dimensional ve loc i ty  of flow 
Specif ic  volume 
Width of channel 
Thermodynamic work 
Backflow r a t e  of s t a l l e d  f l u f d  
Maximum steady r a t e  a t  which s t a l l e d  f l u i d  can be 
removed 
Coordinate i n  d i r ec t ion  of w a l l  and d i r e c t i o n  of flow 
Coordinate normal t o  w a l l  
Thickness of viscous l a y e r  (See Fig. 5) 
Increment in veloc i ty  
Density 
Shear -E: t res s 

= HL/ 7 1 pV1 2 

Subscripts  
( l 1  = Inlet t o  d i f f u s e r  
( l 2  Exi t  of d i f f u s e r  
( Iw = A t  t h e  wal l  

J 
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INTRODUCTION 

This repor t  i s  one o f  a s e r i e s  prepared a s  p a r t  O f  a 
d i f f u s e r  research program i n  progress a t  the Mechanical 
Engineering Laboratory of Stanford University. 
of th is  repor t  was begun primarily t o  explain more f u l l y  the  
r e s u l t s  found by Moore and Kline (1) and Cochran and Kline 
(2)  regarding the flow mechanisms and performance of wide- 
angle ,  sub-sonic d i f f u s e r s  with and without mult iple  vane 
systems, However, as the work progressed, i t  became more 
and more evident  that the mater la l  being developed was of 
a fundamental nature ,  and could a l s o  be u t i l i z e d  t o  explain 
many of the known f a c t s  about both s t a l l s  and wakes i n  a 
wide va r i e ty  of s i t u a t i o n s ,  
one of the  most important, vexing, and cons i s t en t ly  oc- 
cur r ing  d i f f i c u l t i e s  i n  both i n t e r n a l  and e x t e r n a l  flow, 
the s tud ie s  have been broadened t o  include add i t iona l  
i nves t iga t ions  of s eve ra l  f u r t h e r  aspec ts  of s t a l l  mech- 
anisms; These s tud ie s ,  which a r e  pr imari ly  empir ical  i n  
na tu re  have already revealed considerable new information 
regarding the na ture  of s t a l l o  

flow found i n  s t r a i g h t  d i f fus ing  passages by Moore and 
Kline (1) and by Cochran and Kline (2). A discussion i s  
then presented which shows that conventional two-dimensional 
boundary l a y e r  theory i s  inadequate t o  explain a l l  of re- 
su l t s  found, and a mathematical proof i s  given demonstrating 
tha t  a steady two-dimensional flow model i s  impossible f o r  
t he  wal l  l aye r s  i n  a viscous flow under a t  l e a s t  some wel l  
known flow conditions,, Additional tests t h a t  were sug- 
gested by these r e s u l t s  a r e  then described; these addi- 
t i o n a l  t e s t s  lead t o  the  concept of a new flow model f o r  the  
incept ion  of s t a l l ,  and a more d e t a i l e d  p ic ture  of the  na- 
ture of viscous flow i n  the  presence of adverse pressure 
grad ien ts ,  These f l o w  models a r e  then u t i l i z e d  t o  develop 

Preparation 

Since the problem of s t a l l  i s  

This repor t  proceeds by descr ibing the mechanisms of 
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q u a l i t a t i v e  concepts which appear useful  i n  r a t iona l i z ing  
a surpr is ing number of known but previously inexpl icable  
results,  Some of these r e s u l t s  a r e  discussed, and f u r t h e r  
simple experiments a r e  described which show t h a t  the con- 
cepts  developed do q u a l i t a t i v e l y  pred ic t  the behavior of 
s t a l l .  

Since a la rge  number of the matters discussed involve 
t r a n s i e n t  e f f e c t s ,  s t i l l  photographs a r e  of l i m i t e d  u t i l i t y ,  
and primary re l iance  i s  therefore  placed on descr ip t ions  
and sketches. Motion p ic tures  i l l u s t r a t i n g  the phenomena 
discussed are  under preparation, a s  a p a r t  of the continu- 
ing work, and w i l l  be made ava i lab le  t o  i n t e r e s t e d  groups 
when completed, 

recent  or igin,  only very fragmentary mathematical develop- 
ments have been ca r r i ed  out  t o  date ,  and tes ts  of the con- 
cepts  over wide ranges of Reynolds number and Mach number 
a r e  not  ye t  ava i lab le ,  F ina l  conclusions concerning the 
u l t imate  u t i l i t y  of the concepts s e t  f o r t h ,  therefore ,  can- 
not  y e t  be reached, However, the number of appl ica t ions  i n  
which the concepts developed appear t o  apply i s  l a rge ,  and 
one of the purposes of the present r e p o r t  i s  the hope t h a t  
o ther  workers w i l l  t e s t  the concepts suggested i n  situa- 
t i ons  of i n t e r e s t  t o  them and thus extend the da ta  and 
theory ava i lab le  

Since the development of these concepts i s  of very 

I 
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FLOW MECHANISMS I N  SIMPLE DIFFUSING PASSAGES 

During the course of a systematic study of the behav- 
i o r  of two-dimensional, plane-walled subsonic d i f f u s e r s  
over a wide range of conditions,  Moore and Kline(1)  found 
t h a t  the mechanisms of d i f fuse r  flow were considerably d i f -  
f e r e n t  than those envisaged i n  the c l a s s i c a l  p ic ture  based 
on the two-dimensional boundary layer .  The study revealed 
t h a t ,  f o r  a r ixed mean veloci ty  p r o f i l e  a t  the i n l e t ,  
t h ree  parameters apparently were su f f i c i en t  t o  f i x  the flow 
regime. These th ree  parameters can be taken as: t o t a l  
divergence angle,  r a t i o  of wal l  length t o  throa t  width and 
f r e e  stream turbuleuce. I t  a l s o  appeared from the t e s t s  
t h a t  the flow regime found was independent of Reynolds num- 
ber  based on throa t  width f o r  a l l  values i n  excess of t h a t  
which gave a turbulent  boundary layer  a t  o r  very near  the  
t h r o a t  of the d i f fuse r ,  F ina l ly ,  th roa t  aspect  r a t i o  was 
found t o  be of no p r a c t i c a l  s ignif icance whatsoever over 
t he  e n t i r e  normal range of p rac t i cee  

F ig  , 1, The regimes of flow found a r e  shown i n  Fig. 2 
as a funct ion of the three var iables  l i s t e d  above. It 
should be borne i n  mind tha t  Fig 2 appl ies  only t o  the in-  
l e t  boundary l aye r  conditions of the u n i t  t e s t ed  which were 
he ld  f ixed,  The names given t o  the various regimes of flow 
have been changed from those used by Moore and Kline f o r  
reasons t h a t  w i l l  become evident l a t e r .  The flow pa t te rns  
t h a t  appear i n  each flow regime when conventional dye in-  
j e c t i o n  techniques a r e  used a r e  a l s o  shown by sketches and 
photos i n  Fig.  2. 
i n l e t  conditions including turbulence a l s o  a r e  held con- 
s t a n t ,  then Fig. 2 shows t h a t  continuously increas ing  

The geometry used by Moore and Kline (1) i s  shown i n  + 

I f  L/W1 i s  held constant ,  and i f  a l l  

+ Further  d e t a i l s  of the apparatus and procedures 
a r e  given i n  reference 1. 
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divergence angle, s t a r t i n g  from zero,  causes four  regimes 
of flow t o  appear i n  the following order,  A t  the lowest 
angles ,  and hence the l e a s t  adverse pressure gradients ,  
the flow a p p e a r s  a s  i f  i t  were well-behaved and unseparated 
throughout3 th i s  i s  the zone below l i n e  a-a on Figo 2. It 
i s  noted f o r  l a t e r  reference t h a t  i n  these e a r l i e r  studies 
only conventional means of dye i n j e c t i o n  were employed, 
Above l i n e  a-a of Fig, 2, a t  somewhat higher angles ,  l a rge  
t r a n s i t o r y  s t a l l s  appear. If dye i n j e c t o r s  a r e  placed ap- 
proximately one-quarter of an inch from the wal l  i n  the 
downstream flow, the flow w i l l  usual ly  appear t o  be moving 
downstream, but now and then w i l l  reverse d i r e c t i o n  and 
move upstream f o r  a shor t  t i m e .  The amount of reverse flow, 
the s i z e  of the reverse motion and the durat ion of the re- 
verse flow a l l  increase a s  the angle i s  increased through 
t h i s  regime. These reverse flows appear f i r s t  on one wal l  
and then on another,  although sometimes they appear more 
than once on one wal l  before appearing again on the o thero  
S imi la r ly ,  the reversed flow was most f requent ly  found i n  
the  cornersg Put w a s  a l s o  sometimes found on the middle  of 
a wal l ,  No period of these motions was evidento Thus the 
reverse flows appeared random i n  nature,  

I n  th i s  discussion the reverse flows w i l l  be re fer red  
t o  as D*s ta l l sgE  o r  eospots  of s t a l l . "  The e n t i r e  regime 
between l ines  aa and bb on Fig. 2 i s  therefore  c a l l e d  the 
regime of nglarge t r a n s i t o r y  s t a l l e f g  Furthermore, the term 
" s t a l l e d  f l u i d D B  w i l l  be used throughout the discussion t o  
denote any f lu id  t h a t  i s  moving aga ins t  the d i r e c t i o n  of 
the main f l o w ,  I n  the next paragraph the term *"fully- 
developed s t a l l g g  w i l l  a l s o  be introduced. The d i s t i n c t i o n  
between a t r ans i to ry  s t a l l  and a fully-developed s t a l l  is 
s i m p l e .  If a given wal l  area i s  examined, i t  i s  sa id  t o  
have a t rans i tory  stall i f  T;he T I O W  i s  forward p a r t  of the 
time and reversed p a r t  of the t i m e ,  I f  the flow i s  reversed 
along the given portion of wal l  100% of the time, it i s  
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s a i d  t o  have a fully-developed s t a l l o  
A s  divergence angle is  increased s t i l l  f u r t h e r  a con- 

d i t i o n  i s  reached ( l i n e  b-b, Figo 2) a t  which a f u l l y -  
developed s t a l l  appears. I n  a flow of t h i s  type, backward 
movement i s  v i s i b l e  a l l  the time on one w a l l ;  the  f low i s  
r e l a t i v e l y  steady and two-dimensional, and a la rge  r ec i r -  
cu la t ing  flow e x i s t s  i n  most  of the  d i f fuse r ,  The through 
f low i n  this regime always proceeds down one wall: t he  
i n i t i a l  choice of wall  i s  random f o r  symmetric geometries, 
but once located on a given w a l l  the flow remains there. 

s t a l l s  beyond t r a n s i t o r y  and fully-developed i s  necessary 
t o  explain the mechanisms found, Also, these two types of 
s t a l l  tend t o  blend i n t o  each o ther  continuously i n  some 
cases ,  However, i n  most instances  the s t a l l  i s  found t o  
be c l e a r l y  e i t h e r  t ransf tory  o r  fully-developed, and tne 
behavior of the two types of s t a l l  i s  decidedly d i f f e r e n t ,  
Not only a r e  the flow pat terns  dissimilar, but,  more impor- 
tant, the  governing parameters and the concepts needed f o r  
r a t i o n a l i z a t i o n  of  the mechanisms a r e  i n  pa r t  d i f f e r e n t  f o r  
the d i f f e r e n t  regimes, 

A s  divergence angle i s  increased s t i l l  f u r t h e r ,  a 
poin t  i s  f i n a l l y  reached, l i n e  c-c, Fig, 2, where the 
through flow moves off  the wal l  and becomes a j e t .  Fully- 
developed s t a l l s  then appear on both walls. If the angle 
i s  subsequently decreased, the flow does not  r e tu rn  t o  the 
w a l l  when l i n e  c-c of Fig . 2 i s  recrossed; ins tead  it 
continues a s  a j e t  t o  a lower value a s  given by l i n e  d-d of 
Fig . 2, Thus an  overlap region e x i s t s  which i s  indicated 
by the cross-hatched area i n  Fig, 2, 

t i o n  t h a t  w i l l  be of importance i n  the l a t e r  discussion,  
The l i n e s  a-a and b-b nave negative s lopes ind ica t ing  t h a t  
f o r  a given angle a longer d i f f u s e r  i s  more l i k e l y  t o  s t a l l o  
However, the l i n e s  c-c and d-d have pos i t ive  slope ind ica t -  

As w i l l  be seen below, s t i l l  f u r the r  c l a s s i f i c a t i o n  of 

Figure 2 a l s o  reveals  severa l  o ther  pieces of informa- 
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ing t h a t  the cont ro l l ing  mechanism i s  d i f f e r e n t  from t h a t  
which governs the behavior i n  the regions of l i n e s  a-a and 
b-bo Figure 2 a l s o  shows tha t ,  with a f ixed mean i n l e t  
ve loc i ty  p r o f i l e ,  increasing free stream turbulence r a i s e s  
l i n e  b-b very markedly but lowers l i n e  a-a s l i g h t l y  on the 
averageo 

s iderable  number of s i m p l e  devices t e s t ed  f o r  possible 
use i n  cunstruction of e f f i c i e n t  wide-angle d i f f u s e r s  the 
most promising was mult iple  short flat vaneso Later thor- 
ough tests on such vane systems by Cochran and Kline ( 2 )  
have ver i f ied  tha t  such systems a r e  indeed capable of 
producing wide-angle d i f f u s e r s  of surpr i s ing ly  good per-  
formance, s tab le  flow, and reasonably good ex i t  ve loc i ty  
p r o f i l e s  up  ts t o t a l  divergence angles of a t  l e a s t  45’ and 
f o r  a wide range of area r a t i o s o  Reference 2 repor t s  the 
design c r i t e r i a  developed and shows t h a t  performance i s  not  
c r i t i c a l l y  aepenaent on precise  design o r  manufacture. The 
d e t a i l s  of t h i s  work w i l l  no t  be reyeatea nemg DU’C it i s  
per t inent  t o  note the  following, The vanes give bes t  re- 
sults when mey are  placed along what a r e  essent ia l - ly  
streamlines of the p o t e n t i a l  flow. The vanes not  only 
have an optimum angle ,  but a l s o  have an  optimum length,  The 
optirnum angle corresponds t o  the angle of optimum e f fec t ive -  
ness  f o r  the  ind iv idua l  passages formed, and the optimum 
length corresponds t o  the in t e r sec t ion  of t h i s  angle w i t h  
l i n e  a-a of Figo 2. 

fu se r s  were a l l  found f o r  the geometry shown i n  Fig. 1. 
However, t w o  s i z e s  of water u n i t s  and a s t i l l  l a rge r  a i r  
unit  were employed. In a l l  cases  the i n l e t  boundary layers  
were turbulent  and Ipelatively thin.  The a c t u a l  i n l e t  pro- 
f i l e s  f o r  the a i r  u n i t  are  given a r e  given i n  reference 2. 

The o v e r a l l  f l o w  pa t t e rns  found i n  the th ree  u n i t s  cor- 
responded completely i n  aPI  major regards ,  

Moore and Kline (1) a l s o  showeu that among a con- 

The r e s u l t s  j u s t  described f o r  vaned and unvaned d i f -  

Qne discrepancy 
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of a major nature  between the water and a i r  u n i t s  was f o r  
a time thought t o  ex i s t s  however, on reexamination of the 
water t a b l e  f low i t  was found t h a t  the phenomenon had s imply 
been overlooked i n  the f i r s t  t e s t s o  The r epea tab i l i t y  i n  
the  water t ab le  was of t h e  order  of two degrees and the same 
r e s u l t s  were found by severa l  observers independently, 
t r a n s i e n t  three-dimensional nature  of the la rge  t r a n s i t o r y  
s t a l l  
t i o n  i n  the a i r  un i t .  

I n  addi t ion  t o  these da ta ,  the a i r  t e s t s  a l s o  revealed 
tha t  something was amiss i n  the region below l i n e  a-a of 
Fig.2 which i n i t i a l l y  had been ca l l ed  the regiae of ''no 
s t a l l t q  by Moore and Kline, I n  pa r t i cu la r ,  it was found 
t h a t  the manometers f luctuated f a r  more i n  the region be- 
low l i n e  a-a than i n  the region between l i n e s  b-b and c-c 
i n  Fig. 23 t h i s  was a l toge ther  unexpected. However, a 
check revealed t h a t  s i m i l a r  pulsat ions had been found i n  
d i f f u s e r s  
s e rve r so  For example, i t  was reported t o  the author  
p r iva t e ly  by both R. T. Knapp and Bo Perry t h a t  the d i f -  
f u s e r  i n  the  la rge  water tunnel a t  C I T  had been found t o  
be the source of considerable pressure pulsat ions desp i te  
i t s  t o t a l  divergence angle of s ix  degrees and very con- 
serva t ive  designo 

small  dis turbances of the na ture  of t r a n s i t o r y  s t a l l  were 
occurring i n  some of t h i s  region, but t h a t  the frequency 
was too  high f o r  visual observation,, The ex is tence  of such 
s p o t s  of s t a l l  a t  r e l a t i v e l y  low dfvergence angles would 
not  be i n  agreement w i t h  the accepted p ic ture  of s t a l l  a s  
a two-dimensional phenomena t h a t  appeared only when re la -  
t i v e l y  la rge  pressure gradients  were present.  However, a s  
time progressed, more and more evidence accumulated which 
ind ica ted  t h a t  it m i g h t  be necessary t o  abandon the two- 
dimensional concept of s t a l l  incept ion  i n  order  t o  explain 

The 

regime was consis tent ly  confirmed by t u f t  observa- 

of small  divergence angles by many o ther  ob- 

This led Moore and Kline (1) t o  speculate  t h a t  perhaps 

3 
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the  known phenomenao Not the  l e a s t  of these evidences were 
the consis tent  i n a b i l i t y  t o  f u l l y  explain the exce l len t  re= 
s u l t s  found with vane systems over a wide range of condi- 
t i o n s 9  and the f a c t  t h a t  the s t a l l  f i rs t  appeared as a t ran-  
s i e n t  three-dimensional phenomena i n  every case tested, 

I n  addi t ion,  t o  these data  Cochran a l s o  compiled a 
s e r i e s  of pictures  of the flow pa t te rns  taken from t u f t  ob- 
se rva t ions  i n  the a i r  u n i t ,  and correlated these p ic tures  
w i t h  the f l o w  performance found, This s e t  of p ic tures  i s  
reproduced i n  Fig, 3 and shown correlated to pressure reeov- 
e ry  i n  Fig. bo It i s  qu i t e  evident from Figs, 3 and Lb t h a t  
the terms *CstalPedK' and B9unstal ledf8 a r e  r e l a t i v e l y  meaning- 
l e s s  i n  t h i s  s i t ua t ion ,  A t  least  f o r  the region Qf angles 
above t h a t  of maximum recovery (point  2, Fig, 4) the  data  
show t h a t  s t a l l  i s  a progression o r  spectrum of s t a t e s ,  
and i s  not  a s ing le  phenomenon a t  a l l o  

H, m o n s  tha t  the  explanation of the pos i t ive  s lope Qf the 
l i n e s  c-c and d-d of Figo 2 probably d i d  no t  l i e  i n  boundary 
l a y e r  theory, but ins tead  had t o  b e  based on arguments re- 
l a t e d  t o  the s t a b i l i t y  of the flew pat tern.  

the e n t i r e  matter of flow mechanisms was i n i t i a t e d  i n  
December 1956, Some results of these considerations are 
given below, 

program had been ca r r i ed  out a t  low Mach numbers, conversa- 
tioris were a l s o  held with M r o  Ro Scherrer  and M r ,  J, Lunde11 
of A m e s  Aeronautical Laboratory of the NACA regarding tests 
they had been performing on d i f f u s e r s  a t  higher  Mach num- 
bers. I t  was then reveaied t h a t  M r .  Scherrer and Mro 
Lundell had found r e s u l t s  t h a t  corresponded very c lose ly  t o  
those found by Moore and Kline f o r  the t r a n s i t o r y  s t a l l  

I n  l a t e  1956 i t  was a l s o  pointed out  t o  the author  by 

+ 

A s  a r e s u l t  of these anomalies, a reconsfderation of 

Since a l l  of the work done in the  Stanford University 

1 

+ The author i s  g rea t ly  indebted t o  Professor Emmons 
f o r  pointing up  the need f o r  s t a b i l i t y  considerat ions which 
a r e  i m p o r t a n t  i n  s eve ra i  aspects  of the problem considered, 
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regime i n  conic+l  d i f fusers  w i t h  t o t a l  included angles i n  
the  range of 2 - 13 1/2  degrees and i n l e t  Mach numbers up t o  
uni ty .  
were e n t i r e l y  d i f f e r e n t  f rom those used by Moore and Kline 
(1). Furthermore, M r .  Scherrer and M r ,  Lundell had inde- 
pendently reached the  conclusion t h a t  s t a l l  incept ion was a 
three-dimensional t r ans i en t  phenomena i n  the cases  they 
were observing. This, o r  course9 provides a highly use fu l  
independent check on the observations reported by Moore and 
Kline (1) and on some o f  the conclusions reached below. It 
a l s o  suggests that  the mechanisms discussed are not  con- 
f ined  s o l e l y  t o  the Reynolds numbers o r  Mach numbers oc- 
cur r ing  i n  the Stanford t e s t s o  

The techniques and apparatus used i n  these t e s t s  



RE-EXAMINATION OF THE FLOW MODEL OF STALL 

L e t  us f i r s t  examine i n  more d e t a i l  why the c l a s s i c a l  

Several  e l d e r  concepts a r e  ava i lab lg  
concepts a r e  not  adequate f o r  the task  of explaining known 
d i f f u s e r  performancee 
included among these a r e  the notions of: (i) flow guidance? 
(if) use of indfvidual  passages t h a t  have small  enough 
angles;  ( i i f )  e f f e c t  sf pressure gradient on boundary 
l a y e r  back flow; andlor  to le rab le  pressure gradients ,  I n  
order  t o  avoid any misunderstanding i t  should be noted t h a t  
a l l  of these concepts are useful.  
developed a t  the  expense of  much e f f o r t  by previous workers, 
the work of  references (1) and ( 2 )  could not  have been done, 
and the present discussion would not e x i s t ,  
w i l l  be seen, these concepts i n  themselves are not  suffi- 
c i e n t  to explain a l l  the known f a c t s  i n  an adequate mannerc 

PPFlow guidanceDr was the concept employed by K. Frey 
(3) i n  designing very s h o r t  vane systems some years ago. 
F rey r s  ideas  worked w e l l ,  but t h i s  i s  v i r t u a l l y  a l l  that  
can be sa id ,  DgGuidanceQC as a design concept i s  very 
general. an6 loose,  an6 there  i s  no way i n  which i t  can be 
r e l a t ed  t o  the forces  in f l o w  f i e l d  o r  used t o  pred ic t  
r e s u l t s  of  a given design accurately,  I t  gives  some f e e l  
f o r  the problem, but i t  does not  give the spec i f i c  numerf- 
caP c r i t e r i a  t h a t  are so \ i t a 1  t o  r a t i o n a l  design, nor does 
i t  give any de ta i led  information about flow mechanismso 

The use of s p l i t t e r s  t o  produce ind iv idua l  passages of 
small  angle was f i r s t  advocated by KO Oswatitsch many years  
ago, Bswatftsch noted t h a t  f o r  the  common range of prac t ice  
seven degree d i f f u s e r s  performed well, and consequently he 
reasoned t h a t  use of many seven degree d i f f u s e r s  i n  p a r a l l e l  
would pzpodum a good diffuser  of wide angle, This not ion 
has never been used very extensively because i t  only works 
i n  some caseso The data  of Moore and Kline (1) show t h a t  
Qswatitschg s notion f a i l e d  because i n  r e a l i t y ,  the flow 

Without these ideas, 

However, a s  
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conditions a r e  NOT j u s t  a funct ion of divergence angle alone. 
I n  pa r t i cu la r ,  reference (1) shows the f l o w  regime obtained 
i s  a l s o  a st rong funct ion of  the r a t i o  of wall l ength  t o  
t h roa t  width, and f n  some regards a strong func t ion  of in-  
l e t  f r e e  stream turbulence a s  well, 

From simple geometrical considerat ions,  i t  i s  readi ly  
seen t h a t  Oswatftsch's suggestion leads not  only t o  a reduc- 
t i o n  i n  angle,  but also t o  a la rge  increase i n  the  r a t i o  of 
wal l  length t o  throa t  width of the ind iv idua l  passagesb 
Reference t o  Figo 2 shows t ha t  while Oswatitsch's suggestion 
usua l ly  leads t o  a net gain, the e f f e c t  of the  increase i n  
L/W1 la rge ly  o f f s e t s  the gain obtained from the decrease i n  
divergence angle. That i s ,  i f  dividers  a r e  extended f o r  the 
f u l l  l ength  of the passage a s  suggested by Oswatitsch, i n  
many cases an undesirable  f low occurs i n  which one passage 
s t a l l s  out e n t i r e l y  due t o  the excessive L/W1 value,  and 
the  flow from th i s  passage s p i l l s  over i n t o  the next pas- 
sage, The recoveries  obtained i n  such cases a r e  poor and 
the  flow sometimes pulsates  very g rea t lyo  However, the 
recovery i s  NOT a s  poor a s  would be obtained w i t h  no vanes 
a t  all .  but w i t h  the same outer walls, 

coupled w i t h  the  f a c t  that  the vanes were ac t ing  a s  guidance 
i n  the very general  sense suggested by 
idea  that the optimum e f f e c t  would probably be obtained ff 
t h e  passage between each vane was made t o  include an angle 
of optimum ef fec t iveness ,  and a l s o  each vane was of the 
maximum length  f o r  which l i t t l e  o r  no s t a l l  would occur i n  
the  passages based on the data of F ig ,  2, That I s ,  the  
indfv idua l  passage angles should be around seven degrees and 
the  length of each vane should be adjusted so t h a t  the value 
of L/Wl f o r  each passage lies j u s t  on o r  below the l i n e  a-a 
represent ing s i g n i f i c a n t  s t a l l  on the flow mechanism p l o t  
of Fig. 2, This suggestion has proven t o  be e n t i r e l y  cor- 
r e c t o  I n  the cases  reported i n  reference 2 ,  the optimum 

Recognition of the importance of the L/W1 Parameter, 

Frey, led t o  the 
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recovery has been found i n  every instance t o  l i e  a t  o r  very 
near  t h i s  condition, Additional gain can a l s o  be rea l ized  
by proper placement of the vane c l u s t e r  i n  the u n i t  as a 
whole, This i s  apparently due t o  two fac ts :  (i) i t  i s  
no t  desirable  t o  acce le ra t e  the flow more than necessary 
a t  the throat ,  and (if> the outer  wal ls  a l ready have 
boundary layers  a t  the  sec t ion  where the vanes begin and 
a r e  thus more l i a b l e  t o  s t a l l Q  

s ion  of d i f fuse r  design not  only appears quite sa t i s f ac to ry ,  
but i t  a l s o  produces very good wide-angle d i f fuse r s ,  
if one begins  t o  examine the d e t a i l s  more c lose ly ,  some 
discrepancies immediately appear i n  the explanations given. 
I n  the f i rs t  place,  the concept of ODeach passage i s  such 
t h a t  i t  will n o t  s t a l l1*  i s  an ove ra l l  concept t h a t  does 
not  lend i t s e l f  t o  explanation of the d e t a i l s  of the flow, 
nor does t h i s  ove ra l l  concept give any basic reason f o r  the  
good performance uniformly obtained. I n  the  second place,  
if one examines the de t a i l s  of the flow i n  terms of the 
usua l  modern concepts, t h a t  iss i n  terms of pressure 
gradients  and steady two-dimensional boundary l aye r  theory,  
some of the r e s u l t s  a r e  apparent,  but o thers  are qu i t e  in- 
explicable,  

notions of how a pos i t ive  pressure gradient  brings on a 
s t a l l  i n  a boundary layer ,  Since the pressure forces  op- 
pose the motion, it i s  reasoned t h a t  the boundary l a y e r  
near the wall  which has a l a r g e  def ic iency of k i n e t i c  energy 
i s  brought to  rest by the pressure forces .  Somewhat down- 
stream from the  sec t ion  where t h i s  f l u i d  comes t o  r e s t ,  the 
pressure gradient i s  adverse and i t  is presumed t h a t  t h i s  
causes the e n t i r e  f low near the wal l  t o  reverse d i r ec t ion .  
Separation of the whole mainstream from the wal l  then re- 
su l t so  

From the ove ra l l  point  of view the foregoing discus- 

How- 

To begin w i t h ,  l e t  us remind ourselves of the accepted 

Usfng the flow model just  described, many attempts have 
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been made t o  co r re l a t e  the various r e s u l t s  for the turbulent  
boundary layer  using theory, empir ical  data and combinations 
thereof. The most notable recent  attempts include the wel l  
known method of Tetervin and Doenhoff (4), Ross and 
Robertson (5) and F. Clauser (6). Unfortunately, none of 
these numerous attempts have given r i s e  t o  a method t h a t  
seems t o  predict  separat ion adequately f o r  a l l  cases a l -  
though the methods of references (5) and ( 6 )  respec t ive ly  
seem t o  come much c loser  t o  an understanding of the param- 
e t e r s  involved and t o  r e l i a b l e  predict ions than the older  
me t hods. 

summarize the r e s u l t s  o r  methods o f  sucn work. However, 
i t  i s  per t inent  t o  the present discussion t o  note t h a t  a 
g r e a t  dea l  of e f f o r t  by many except ional ly  ab le  workers has 
gone i n t o  the development of such methods i n  the hope of 
providing r e l i a b l e  means f o r  predict ing s t a l l  of a turbulent  
boundary layer  i n  a posi t ive pressure gradient ,  and tha t  
none of these e f f o r t s  t o  date have been t o t a l l y  successful ,  
It i s  a l s o  relevant  t o  the following discussion t o  note 
t h a t  i n  a l l  of these analyses the assumption i s  made t h a t  
t he  f l o w  is steady i n  the mean and two-dimensional. Further- 
moreg i n  a l l  of these analyses9 q u a l i t a t i v e  agreement i s  
reached on two pointq: (1) s t a l l  i s  governed e n t i r e l y  by 
i n i t i a l  boundary layer  condition and by the appl ied pres- 
sure  d i s t r i b u t i o n  of the po ten t i a l  flow, (ii) o the r  things 
being equals grea te r  pressure gradients  and longer applfca- 
t i o n  of these gradients  both  uniformly tend t o  increase the 
l ike l fhood of s t a l l .  These r e s u l t s  can and have been put 
i n t o  many forms, but there  i s  no disagreement i n  any of 
t he  modern theory on the correctness  of the q u a l i t a t i v e  
r e s u l t s  (i) and (ii) above, 

It i s  not  the purpose of the present  discussion t o  

If  the q u a l i t a t i v e  r e s u l t s  just  c i t e d  a r e  appl ied t o  
t he  r e s u l t s  found by Moore and Kline (1) and Cochran 
on vanes, a d i f f i c u l t y  immediately a r i s e s o  A t  f i r s t  



was thought t h a t  the ac t ion  of the vanes could be explained 
by noting tha t  the pressure gradient  was improved i n  the  
region j u s t  downstream of the th roa t  a t  the curved wal lso 
This region i s  the worst pos i t ive  pressure gradient  i n  the 
e n t i r e  unit  and hence i s  c r i t i c a l ,  Howevers the a b i l i t y  
t o  increase the angle a t  which good flow can be obtained 
using vanes by a f a c t o r  of more than three would make t h i s  
explanation very dubious e Furthermore, the t r u l y  spurious 
nature  of t h i s  argument can be seen i n  the  following way: 
Consider a d i f fuse r  w i t h  a t o t a l  divergence angle of 18 
degrees  an L/W1 of 8 and a very low enter ing turbulence 
l e v e l o  To make the matter  c l e a r s  l e t  us a l s o  assume that  
the u n i t  has prec ise ly  the  same geometry a s  t h a t  studied 
by Moore and Kline I f  the u n i t  has no vanes o r  o t h e r  
boundary layer  cont ro l$  the da ta  shown i n  Fig. 2 i nd ica t e  
t h a t  the un i t  would operate i n  the fully-developed s t a l l  
region i n  which very poor performance i s  obtained; f o r  the 
geometry tested by Moore and Kline,  the recovery would be 
twenty-five percent o r  less of t he  i d e a l  recoveryo Now 
if one i n s e r t s  a s p l i t t e r  vane running the f u l l  length of 
the uni t ,  following the ideas  of Oswatitsch, each passage 
would have a t o t a l  divergence angle of 9' and an L/W1 of 
16 
the la rge  transitory s%all r eg ime ,  and the flow would be 
extremely unsteady w i t h  a la rge  back flow i n  one of the 
two channelso Nevertheless,  the recovery would be some- 
what improved, Last ly9 suppose that a s ing le  somewhat 
s h o r t e r  vaGe was i n se r t ed  along the cen te r l ine  of the u n i t  
according t o  the design c r i te r ia  set  f o r t h  i n  reference 2, 
The vane would then s t a r t  somewhat downstream of the t h r o a t  
and would end short  Qf the e x i t  t o  y i e l d  an L/W1 of eleven 
o r  twelve, This u n i t  would not give optimum performance 

3- 

Thus Fig. 2 shows each passage would be well up i n t o  

+ 
The. author i s  indebted t o  F. Clauser f o r  c l e a r l y  

pointing up this  paradox. 
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@ o r  eighteen degrees, two vanes would give s l i g h t l y  b e t t e r  
performance than one vane), but i t  would d e f i n i t e l y  give 
a recovery 50 o r  100% grea te r  than e i t h e r  of the other  units3 
and would have a much smoother flow, and more uniform e x i t  
ve loc i ty  p ro f i l e ,  

no t ions  about boundary layer  s t a l l s  a cont rad ic t ion  occurso 
I f  we had used two o r  three vanes, then it could have been 
argued t h a t  appreciable  pressure changes would have re- 
su l t ed  i n  the most c r i t i c a l  region 
the  t h r o a t  on the  curved wallso 
t h a t  i f -  the f low is two-dimensional and steady, i n s e r t i o n  
of a s ing le  t h i n  vane along the cen te r l ine  does not  a l t e r  
the  pressure d i s t r i b u t i o n  of the p o t e n t i a l  f low appreciably. 
(A very t h i n  vane does not a l t e r  it a t  all and the r e a l  
value i s  1/16 inch th ick  compared t o  a minimum channel 
wid th  i n  which it occurs o f  3-1/2 t o  4 inches) .  
f i nd  a paradox i n  the sense that two-dimensional boundary 
l a y e r  theory suggests 
the  magnitude of the poten t ia l  f l ow pressure gradient  and 
the  dura t ion  f o r  which i t  fs appl ied f o r  f ixed i n l e t  condf- 
t iona ,  but the data  of Cochran and Kline (2) show that by 
i n s e r t i o n  of vanes t h a t  make l i t t l e  o r  no changes i n  the 
pressure d i s t r i b u t i o n  of the p o t e n t i a l  flow.tremendous 
changes i n  performance and the e n t i r e  f l o w  pa t t e rn  ac tua l ly  

If we t r y  t o  cor re la te  these f a c t s  w i t h  the  accepted 

J u s t  downstream from 
But i t  i s  qu i t e  obvious 

Thus we 

t h a t  the separa t ion  depends only on 

I o r e  brought about. 
These r e s u l t s  have now been thoroughly ve r i f i ed ,  There 

can no longer be any masonable doubt t h a t  the r e s u l t s  c i t e d  
a r e  cor rec t  i n  the  l i g h t  of the un%formly good performance 
found by Cochran and Kline (2)  w i t h  vanes. The only reason- 
a b l e  conclusion t h a t  can be drawn i s  t h a t  something is m i s s -  
ing  i n  the two-dimensional boundary l aye r  theory, To f ind 
a h i n t  concerning what t h a t  something i s ,  we t a r n  back 
aga in  t o  the mechanisms of the flow since i t  is well  known 
t h a t  when one f inds  a gross f a i l u r e  of an e n t i r e  body of 



theory,  pa r t i cu la r ly  f n  viscous flow, the most l i k e l y  point  
f o r  the  d i f f i c u l t y  t o  l i e  is i n  the flow model employed. 

A t  t h i s  pa in t  i n  the  work, a ca re fu l  study of the usual 
arguments re la t ing  t o  the forces  which a r e  involved i n  main- 
t a in ing  the flow of a boundary l aye r  i n  an adverse pressure 
grad ien t  was made, 
numbers obtained from d i f f u s e r  data  could not  provide a 
two-dimensional force  balance f o r  the layers  very near  the 
wal lo  Somewhat l a t e r  a more general  and c l e a r e r  argument 
t h a t  does not depend on any s p e c i a l  da ta  whatsoever was 
found, Since t h i s  l a t e r  argument i s  c l e a r e r  and more general  
i t  is reproduced here, 

Consider the con t ro l  surface shown i n  Fig, 5. Point 
BDmUF may be e i t h e r  the  th roa t  of a d i f f u s e r  o r  a point of 
minimum pressure on an a i r f o i l .  The momentum equation of 
t he  two-dimensional boundary l aye r  f o r  incompressible flow 
can be writ ten: 

Several. cases  were found i n  which the 

Since the value of & i s  a r b i t r a r y ,  we can s e l e c t  it such 
t h a t  a t  the  outer  edge of  the cont ro l  surface the i n e r t i a  

1 2  st ress  2 puL 

point  m e  Since the ve loc i ty  u i s  zero a t  the wal l ,  such a 
5 always ex is t s .  The balance of forces  on the small 

element i n  the x d i r e c t i o n  i s  then 

i s  smal l  compared w i t h  %, the  wal l  shear  a t  

However: equation (1) a t  the wall gives:  
2 

g,p=c, LY ax aY a Y  
Eqn, (2)  requires t h a t  boundary l a y e r  ve loc i ty  p r o f i l e s  
have the general  shape shown i n  Fig,  6 ,  Furthermore: f o r  

A t  p o i n t  Fig 5, the bomdary l ayer  has a p r o f i l e  such 
t h a t  cw sfnee i t  has been generated i n  a negative 

1 

1 
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pressure gradient ,  but somewhat f a r t h e r  downstream it  
must a l t e r  such that 'f=v <,TL . 
velues  versus x, they must therefore  appear as shown i n  
F%g0 7* Since the  dis tance dx i s  a r b i t r a r y ,  w e  can now de- 
f i n e  it t o  be the dx shown i n  Fig, 7. It therefore  follows 
t h a t  we caq def ine  a posi t ive quant i ty  such t h a t  i t  rep- 
r e sen t s  the average t o t a l  shear  on the cont ro l  surface over 
the  length  dx as followq: 

If we p l o t  the shear 

-. 

Then the x balance of forces  becomes 

Equation 3 shows, t h a t  under the assumptions used, a balance 
of forces  i s  impossible inasmuch as the  only two forces  pres-  
e n t  a c t  i n  the same d i r ec t ion  e 

ployed is t h a t  of steady two-dimensional flow, and i t  i s  
therefore  apparent t h a t  a continuous w a l l  l aye r  cannot e x i s t  
under the conditions analysed with steady two-dimensional 
flow. This suggests t ha t  s t rong t r ans i to ry  s t a l l  probably 
w i l l  be found a t  and j u s t  downstream of a minimum pressure 
point ,  and the observations show t h a t  t h i s  i s  indeed the 
case 

uos t  notably Kalinslce (8), have shown t h a t  the losses  i n  ap- 
parent ly  unseparated d i f fuse r s  were l a rge r  than could be ac- 
counted f o r  by wal l  shear and turbulent  decay. These re- 
s u l t s  were again confirmed by the  data  of Cochran and Kline 
(2), I n  f a c t ,  even if one assumes t h a t  the wal l  shear i s  
t h a t  which would occur f o r  zero pressure gradient ,  which is 
f a r  t oo  la rge ,  a l l  the losses  cannot be accounted f o r  even 
a t  r e l a t i v e l y  small  divergence angles. Since it w a s  a l s o  
known t h a t  pressure pulses were found a t  r e l a t i v e l y  low 
angles  i n  d i f fus ing  passages, and s ince i t  had been shown 
t h a t  s t a l l  incept ion appeared a s  t r ans i to ry  Fsspots of s t a l l "  
i n  the work of Moore and Kline (1) , it was hypothesized that 

The only assbnption em- 

I n  addi t ion  t o  these r e s u l t s ,  severa l  o ther  workers, 
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these spots  o f  s t a l l .  m$ght occur very near the Wall even a t  
very small  angles of divergence, t h a t  i s ,  f o r  very mild ad- 

verse pressure gradients ,  I n  p a r t i c u l a r %  the information 
ava i l ab le  suggested the f ~ l l o x i n g :  

a0 

b e  

co 

a. 

e. 

f. 

At 

Spots of stall may occ';lr even i n  the presence of 
very mild adverse pressure gradients ;  
These s p o t s  o r ig ina t e  ve ry  near  the w a l l ,  
probably i n  the la-miilar sublayer;  
The s i z e ,  rrwiber ant upstream movement of the 
s p o t s  a l l  grow w f t h  an increase  i n  the magnitude 
of the adverse pressure gradient ;  
The s i z %  nufiber and upstream movement of  spa ts  
of s t a l l  a l l  grow with increase i n  length over 
whieh the pressure gradient  i s  applied; 
The mechanism by which such spots  a r e  car r ied  back 
downstream i s  by leaving the wal l  and being swept 
away by the momentun of the  f a s t e r  moving l aye r s )  
Other things being equal,  th icker  i n l e t  boundary layers  
will g i e i d  more spots  of s t a l l ,  

4- 
t h i s  t i m e ,  M r ,  J, A ,  Miller had alrezdy developed 

a technique of f l a w  v i ~ ~ l l ~ a t i ~ n  which u t i l i z e d  dye in-  
jec ted  t h x i ~ g k ~  G s i x  inch length of small  hypodermic tub- 
ing sweated onto a standard medical hypodermic apparatus 
( see  Fig e 8) .  This apparatus provides a means f o r  loca t ing  
dye accurately i n  a water t ab le  flow without d i s rupt ing  the 
flow too grea t ly ,  A s  soon as  the  conclusions s e t  f o r t h  above 
were reached, M r o  Miller applied tk?.; t v h r , i q w  a t  the w a l l  
and Prnmedia"c2.y he f o w d  the  small  dr?_n_s%a2rg 3 ta l l s  pre- 
d i c t e d ,  S h z e  t h a t  time the tte@ixi.fque has been improved, 
and  thS e x p e r i m n t s  repeated a l a rge  number of times. A 
cons ide rab le  amomt of information about t h i s  mechanism I S  

now a v a f h h i e .  Whi!e many detaih arc  s t i l l  a d e r  study, 

4- 

- 
-4- 

Reseaych $..ssistent Stanford University. 
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enough is now known t o  complete a good port ion of the  q u a l i -  
t a t i v e  picture.  Some of the more c r i t i c a l  tes ts  a r e  
described i n  the  following sect ion.  

= 23 = 



SMALL TRANSITORY STALL USING DYE I N J E C T I O N  

EXPERIMENTAL TECHNIQUE 
The following technique has been employed i n  the s tud ie s  

reported below on the ac t ion  of t he  wal l  layers .  Using the 
hypodermic tubing and hypodermic shown i n  Fig, 8,  a s t r a i g h t  
Pine of dye i s  placed on the wall  normal t o  the flow. 
dye acc identa l ly  located i n  the outer  layers  washes down- 
stream very rapidly,  but a t  the Pow v e l o c i t i e s  (0.2 - 2,Q 
f t / s e c )  employed i n  the water t a3 le ,  the dye hangs on the 
wal l  f o r  several  minutes giving a remarkably c l e a r  p ic ture  
of the  wal l  layers ,  

f hypothesized above a r e  true,' I t e m  d 
tested independently s ince t h i s  w i l l  require the  construct ion 
of a new apparatus, 
RESULTS AT LOW DIVERGENCE ANGLES 

Any 

These s tudies  confirm tha t  a l l  of i tems a ,  b,  c )  e ,  and 
has not  y e t  been 

The ac tua l  tests have shown t h a t  t r a n s i t o r y  spots  of 
s t a l l  do e x i s t  under some conditions f o r  a l l  adverse pres- 
sure  gradient flows; i n  some cases  th i s  includes t o t a l  
divergence angles as low as one and two degreeso In such 
f lows ,  normal dye i n j e c t i o n  i n t o  the channel shows a pat- 
t e r n  t h a t  looks unstalled,  but c a r e f u l  inspec t ion  of the wall 
l aye r s  reveals i n t e rmi t t en t  spots of s t a l l  a t  every point 
on the wallo I n  very low adverse pressure gradient  flows, 
a reverse flow i s  not  found on every t r i a l l ,  because the 
frequency of occurrence i s  low. However, two o r  three t r i e s  
were su f f l c fen t  to show up a t  l e a s t  one c l e a r  case of a spot  
of stall i n  every inslance i n  the whole f i r s t  ser ies  of 
tes tso 

s i z e  both increase as  the pressure gradient  is increased, 
A t  very low pressure gradients  normally only one spot  of 
s t a l l  appears a t  a t i m e  a t  a given sect ion on the w a l l .  The 
normal water depth  employed i n  these tests is 4 inches. 

A s  was expected, the number of spots  of s t a l l  and t h e i r  

4- Studies of the c h a r a c t e r i s t i c  periods of these spots  
o f  s t a l l  are  under way, but no conclusions a r e  y e t  ava i lab le .  
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With t h i s  depth, a high i n l e t  turbulence l e v e l ,  a t o t a l  
divergence angle of 2 degrees and an L/W of 8, one s p o t ,  
perhaps a 1/16th of an inch  i n  diameter, migh t  appear i n  a 
minute o r  two a t  a given locat ion,  No systematic s i z e  and 
frequency counts have ye t  been made, Such a s p o t  may move 
upstream anywhere from a very small  amount up t o  an inch 
(average upstream movement i s  perhaps 1/4 ) before leaving 
the wall,, A s  soon a s  the s p o t  of s t a l l  leaves the wall  it 
i s  caught up by the mainstream and disappears downstream 
very rapidly,  This sequence of events i s  shown i n  Fig, 9. 
The forces  that cause the spot of s t a l l  t o  leave the wall  
a r e  not  ye t  f u l l y  understood, but they a r e  probably re la ted  
t o  an i n t e r a c t i o n  w i t h  some oncoming flowo 

With the  same water depth, high i n l e t  f r e e  stream 
turbulence l e v e l ,  and L/W, = 8, but w i t h  a t o t a l  divergence 
angle  of twelve degrees, several  s p o t s  of s t a l l  of ten appear 
a t  once on a given cross  sect ion of the wall; they may move up- 
stream a s  much a s  severa l  inches before being washed back down- 
stream, and the r a t e  of occurrence i s  much l a r g e r o  Spots  
of s t a l l  have been found almost every time dye was in jec ted  
on the wal l  under these conditionso A t yp ica l  configurat ion 
i s  shown i n  Figo 10, 

As would be expected, s p o t s  of s t a l l  occur more f re -  
quently i n  the  corners than along the main port ion of the 
wall. Also,  a s  would be predicted from the analysis  of 
forces  on a minimum pressure point given above, very s t rong 
s p o t s  of s t a l l  a r e  found jus t  downstream of the throa t ,  In  
f a c t ,  the t r a n s i t o r y  s t a l l s  a t  t h i s  loca t ion  have always been 
the  s t rongest  found, This was noted before the ana lys i s  
given above was ava i l ab le ,  and it has been recorded independ- 
e n t l y  by severa l  observers including Mr, Scherrer  and Mro 
Lundell working a t  higher Mach Numbers and Reynolds numbers 
on another apparatus 

Indeed, under these conditions the t r ans i to ry  s t a l l s  
a r e  so  strong a t  the throa t ,  t ha t  f requent ly  four  o r  f i v e  

I t  
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s t r a t a  of f l o w  a r e  seen i n  the wal l  l ayers  w i t h  each suc- 
cessive s t r a t a  moving i n  opposite d i r ec t ions  along the wal lo  
The s t a l l e d  s t r a t a  pee l  off i n t e rmi t t en t ly ,  so  t h a t  the ac- 
t i o n  i s  t rans ien t  rasher  than steady w i t h  the flow a t  any 
given point going f i r s t  one way and then the  o ther  i n  an 
apparently random fask..ion, This "layeringr2 near  the throa t  
i s  so  strong very c lose  t o  the  wal l  t h a t  sometimes a low 
speed vortex is formed f l a t  aga ins t  the w a l l o  

ineant by DPspot o f  s t a l l D E  and a l s o  t o  i nd ica t e  the tests t h a t  
were made t o  insure  that  t he  phenomena observed were not  
a r t i f i c i a l l y  created by the dye i n j e c t i o n  technique employed, 

The t e rn  o o ~ p ~ t n n  has been adopted from the work of 
Emmons, Schubauer and Klebanoff, e t  a l  on t r ans i t i on .  Actual- 
l y  there  are  some differences and some s i m i l a r i t f e s  t o  t h a t  
appl ica t ion ,  and i t  migh t  be b e t t e r  t o  use another term, 
However, the word seems appropriate ,  and there should be no 
cause f o r  confusicn between a BDspot of s t a l l "  and a $Ospot 
of turbulence.*I I n  the connotation used here, a spot  of 
s t a l l  i s  s imply  an i s o l a t e d  segment of f l u i d ,  t h a t  i s  moving 
upstream ra ther  than downstreamo In the cases  thus f a r  ob- 
served the spots  a r e  t r a n s i t o r y  i n  nature  and do not  main- 
t a i n  any given pos i t ion  i n  space f o r  long periods of t i m e ,  
Instead they appear f i r s t  i n  one loca t ion  and then i n  another 
2-n an  apparently random fashiono Thus the regime ca l l ed  
t r a n s i t o r y  s t a l l  on Fig. 2 cons i s t s  of a main flow moving 
downstream over the e n t i r e  channel cross  sec t ion  but with 
s r e a s  of temporary l o c a l  lackflows o r  oCspots  of s t a l l "  oc- 
curr ing . These observations w i l l  be cor re la ted  w i t h  per- 
formance below, 

I n  regard t o  the matter of flow d i s t o r t i o n  due t o  in- 
j e c t i o n  many f a c t s  i nd ica t e  tha t  th i s  i s  not  the source of 
t he  spots  of stall observeda F i r s t  simultaneous observa- 
t i o n s  i n  zones of negative pressure gradient  under the flow 
conditions just described above do no t  show the backflows 

A t  t h i s  po in t ,  i t  i s  w e l l  t o  describe f u r t h e r  what i s  
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observed i n  regions of posi t ive pressure gradient.  That i s ,  
if prec ise ly  the same technique i s  applied ahead of the 
th roa t  of the d i f fuse r ,  no s p o t s  of s t a l l  a r e  observed, and 
the whole nature  of the flow i n  the wal l  l ayers  appears 
d i s t i n c t l y  evener. Observations on an a i r f o i l  s imi l a r ly  
reveal  i so l a t ed  spots  of s t a l l  downstream of the point of 
minimum pressure even f o r  very low angles of a t t a c k ,  but 
do not  reveal  such s p o t s  of  s t a l l  i n  the zone of negative 
pressure gradiento Furthermore , ca re fu l  t e s t s  have been 
made i n  which the angle of dye i n j e c t i o n  has been made such 
t h a t  any momentum created by i n j e c t i o n  would be i n  the down- 
stream d i r ec t ion  by s lan t ing  the hypodermic tube a t  a very 
small  angle t o  the wal l  pointing downstream. 
conditions,  the same phenomena a r e  observed; it i s  not  pos- 
s i b l e  t o  see any change by simple observation, 
i n  the t e s t s  made, f requ  n t ly  a s ing le  l aye r  i s  observed 
t o  move upstream then downstream and then upstream again  
seve ra l  times following one i n j e c t i o n  of dye. Such a motion 
could be a t t r i b u t e d  t o  an i n i t i a l  disturbance only very,  very 
r a re ly ,  

It can therefore  b concluded from these t e s t s  t h a t  the 
hypotheses s e t  f o r t h  above have been wel l  confirmed (with 
t h e  exception of the e f fec t  o f  length)  f o r  a t  l e a s t  one s e t  
of condi t ions,  Since the search f o r  t h i s  mechanism was begun 
i n  order  t o  f ind a mechanism t h a t  could supply the forces  
needed t o  move the w a l l  layexsdownstream agains t  an adverse 
pressure gradient  i n  ce r t a in  spec ia l  cases ,  it seems l o g i c a l  
t o  conclude t h a t  t r ans i to ry  s t a l l  i s  a type of self-induced 
augmented mixing t h a t  can c rea t e  the forces  needed f o r  the 
wal l  l ayers  t o  move downstream i n  a pos i t ive  pressure 
gradient .  Since i t  removes f l u i d  of very l o w  energy from 
nea r  the wal l  and replaces i t  with f l u i d  of higher  energy, 
i t  can a l s o  be viewed a8 a self-energizing of the boundary 
l a y e r o  

Under these 

Furthermore, 

A 

A t  t h i s  po in t  i n  the a c t u a l  work, the r e s u l t s  j u s t  
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c i t e d  were u t i l i z e d  t o  r a t i o n a l i z e  many of the known r e s u l t s  
on d i f fusers  and i n  o ther  s i t u a t i o n s o  After t h i s  had been 
done, i t  became apparent t h a t  s eve ra l  open questions re- 
mained, howevero These included the following: (1) P t H ~ ~  
do spots  of s t a l l  or iginate?"  (ii) *"ow does la rge  transi- 
t o ry  s t a l l  break down i n t o  fully-developed s t a l l ? "  (iii) 
fawhat a r e  the parameters governing the growth of a s p o t  
of s ta l l2Iq  ( i v )  *nWhat a r e  the parameters governing per- 
formance i n  t he  region of fully-developed s ta l l? ' '  and (v)  
Dowhat a r e  the parameters governing the  change i n  flow 
regime from fully-developed s t a l l  t o  j e t  flow?gs I n  the 
process of considering question (v)  another question a l s o  
arose; t h i s  i s :  D9What determines whether a fully-developed 
s t a l l  w i l l  be t r u l y  steady i n  nature  o r  instead w i l l  per i -  
od ica l ly  shed wake f l u i d ? a q  This question i s  of considerable 
importance not only i n  d i f f u s e r s  but a l s o  i n  connection with 
b lu f f  bodies,  w i t h  sudden enlargements and contract ions,  
w i t h  compression corners and i n  numerous o ther  appl ica t ionso  

on these questions nave now been completed, and from the  
viewpoint of c l a r i t y  i t  is b e t t e r  t o  discuss  these ex- 
periments next, and t o  delay r a t i o n a l i z a t i o n  of other  known 
re su l t s ,  Although f n  the a c t u a l  work, The two went hand i n  
hand 

Simple water t ab le  t e s t s  t h a t  shed a t  l e a s t  some l i g h t  
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FURTHER WATER TABLE TESTS ON MECHANISMS OF STALL 

CLASFIFICATION OF STALLS 

it i s  he lp fu l  t o  look again a t  Fig, 4 which shows the  re- 
g imes  of flow cor re la ted  with the  performnce of a s imple  
plane-walled d i f fuser .  The reason f o r  the name of the 
zone which l i e s  a t  angles below t h a t  of optimum recovery 
( t o  the l e f t  of point 3 )  i s  now c l e a r ,  The tests j u s t  
described confirm the f a c t  t h a t  some s t a l l  may e x i s t  i n  d i f -  
fusers over the e n t i r e  range of angles  shown, but the aver- 
age cross-sect ional  area s t a l l e d  tends t o  increase a s  
the  angle i s  increasedo 

o r  very small, I f  it occurs, one f inds  very small  i s o l a t e d  
spots  m a t  remaiq s t a l l e d  only f o r  shor t  periods of t i m e .  
The amount of s t a l l  tends t o  increase gradually u n t i l  the  
poin t  of optimum recovery i s  reached, A t  t h i s  point (po in t  
2,  Fig. 4) the  r a t e  of increase i n  head l o s s  as a funct ion 
of angle equals the r a t e  of increase of i d e a l  recovery with 
angle as shown i n  reference 2 and t r a n s i t o r y  s t a l l  has a l -  
ways been found a t  these angles,  
i n g  t o  f i nd  t h a t  while the s t a l l s  a r e  s t i l l  i s o l a t e d  i n  
na ture  they a r e  becoming r e l a t i v e l y  large.  Hence, the point  
of optimum recovery f o r  a s ing le  passage should correspond 
very roughly t o  the l i n e  a-a on Fig, 2 ,  and i t  does f o r  the 
da ta  thus f a r  checked, The t r u e  nature  of l i n e  a-a of Figo 
2 i s  thus seen t o  be not  OOfirst s ta l lPD a s  o r i g i n a l l y  thought, 
bu t  ins tead  i s  a l i n e  of vDfirst  la rge  s t a l l o r o  This is q u i t e  
i n  accord with the way i n  which th i s  l i n e  was foundo 

of the  t h r o a t  aga ins t  the  w a l l  and a l s o  downstream by means 
of movable i n j e c t o r s ,  Neither of these means shows the 
wal l  l ayers  c l e a r l y  f o r  the following reasons. In j ec t ion  
upstream on the w a l l  was the meant used t o  v i sua l i ze  the  

In order  t o  comprehend the tests t o  be described below, 

A t  t he  very low angles,  the amount of s t a l l  i s  zero 

Thus it i s  not  surpr i s -  

In  the  e a r l i e r  observations dye was in j ec t ed  upstream 
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w a l l  flow, but i t  has two ser ious def ic ienc ies  f o r  observa- 
t i o n  of small t r ans i to ry  s t a l l  (which, of course,  was not  
known t o  e x i s t  when t h e  f i r s t  set-up was devised).  I n  the 
f i r s t  place,  i t  shows the boundary l aye r  a t  only one l e v e l  
of the four  inch depth ,  Since the t r a n s i t o r y  stall i s  
three dimensional and usually appears i n  small spo t s?  most 
of the spots would inevi tab ly  be missed, I n  addi t ion ,  and 
even more ser ious,  the dye in j ec t ed  upstream o f  the th roa t  
does no t  rea l ly  show the wal l  l aye r s  downstream a t  a l l 3  it 
shows instead the port ion of the boundary l a y e r  somewhat 
f a r t h e r  f r o m  the w a l l ,  The reason f o r  t h i s  i s  t h a t  most of 
f l u i d  t h a t  s t a r t s  aga ins t  the w a l l  upstream i s  def lected 
outward by the displacement ac t ion  of the very slow moving 
wal l  Payers downstreamc Consequently, there  is never 
enough d i f fus ion  of dye i n t o  the wal l  l ayers  t o  make them 
vis ib le ,  and they a re  t h i n  enough s o  t h a t  t h i s  lack of 
v i sua l i za t ion  is very hard t o  perceive by eye. This f a c t  
was demonstrated very c l e a r l y  by employing a conventional 
upstream i n j e c t o r  simultaneously w i t h  dye i n j e c t i o n  of 
the s o r t  used i n  the later Tests. The dye in j ec t ed  onto 
t h e  w a l l  lay completely in s ide  a l l  visible dye coming from 
the upstream i n j e c t m ,  Thus upstream dye i n j e c t i o n  aga ins t  
t he  wal l  misses small  t r a n s i t o r y  s t a l l  i n  the  wa l l  layers  
e n t i r e l y ,  

The dye in jec ted  from movable probes downstream, was 
ew'1 less a p t  t o  show small t r a n s i t o r y  s t a l l  s ince  the  in- 
j e c t o r s  were never brought t o o  c lose t o  the wall  f o r  f e a r  
of a r t i f i c i a l l y  d is rupt ing  the boundary l aye ro  Reliance 
was placed on the  upstream wall  i n j e c t o r s  t o  show the 
boundam laye r s9  but as j u s t  explained they miss small  
t r ans f to ry  s t a l l ,  Since the movable downstream dye in-  
j e c t o r s  were moved back and f o r t h  ca re fu l ly  i n  the e a r l y  
t e s t s  xhey did loca te  three-dimensional s t a l l s  but only 
a f t e r  the s t a l l s  had reached a s i z e  l a rge  enough t o  extend 
out  a quarter  o f  an inch  o r  more from the  wall. Thus l i n e  

1 

1 
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a-a of Fig. 2 i s  r e a l l y  a l i n e  of "first l a rge  t r a n s i t o r y  
s t a l l ' *  . Consequently, i t  now seems more appropriate  t o  
c a l l  the  region under l i n e  a-a of Fig. 2 and t o  the  l e f t  
of point 2 i n  Fig. 4 the  zone of *Ismall t r a n s i t o r y  s t a l l , "  

As shown by Fig. 4, a t  angles  somewhat g rea t e r  than 
t h a t  f o r  optimum recovery, (po in ts  2 t o  3 ,  Fig.  4, between 
lines a-a and b-b, Figb 2 )  the  t r a n s i t o r y  s t a l l s  begin t o  
coalesce i n t o  la rge  a reas  of s t a l l .  I n  t h i s  region the  
performance drops r a p i d l y ,  l a rge  flow pulsat ions occur, and 
performance i s  hard t o  predict;  i t  i s  a poor region f o r  
design, A t  s t i l l  l a r g e r  angles (near  point 4, Fig. 4) a 
d e s t a b i l i z a t i o n  of the  whole flow apparently occurs,  and 
fully-developed s t a l l  appears on one wall. F ina l ly ,  the 
curve of recovery begins t o  r ise again as s t i l l  f u r t h e r  
increases  i n  angle occur. (Thir l a s t  r i s e  i s  probably not  
general  as w i l l  be seen l a t e r ) .  

t o  occur spontaneously cannot be obtained. However, even 
the  port ion of the  curve shown i n  Fig. 4 i s  s u f f i c i e n t  t o  
show t h a t  s eve ra l  changes i n  flow mechanisms must occur 
t o  c rea t e  the complex shape found., I n  f a c t ,  i n  re t rospec t ,  
i t  is  d i f f i c u l t  t o  see why it was ever proposed t o  explain 
a curve with a t  l e a s t  two extremums and an i n f l e c t i o n  point  
with a s i n g l e  change i n  flow mechanism, t h a t  i s ,  i n  terms 
of simply s t a l l e d  and unstal led flow. 

c l e a r e r o  The f i r s t  question dea l s  with the incept ion  of 
small  spots  of s t a l l  a t  very l o w  angles ,  t h a t  i s  t o  the 
l e f t  of 2 on Fig.  4. Question (ii) deals  with how the in- 
s t a b i l i t y  occurs t h a t  brings on fully-developed s t a l l  near 
point  4 i n  Fig. 4. The third question r e l a t e s  t o  how the  
s p o t s  of s t a l l  increase both as angle is increased and i n  
connection w i t h  the  i n s t a b i l i t y  t h a t  causes fully-developed 
s t a l l .  Questions ( i v )  and (v)  deal with flow behavior i n  
the  fully-developed s t a l l  region, which i s  qu i t e  d i f f e r e n t  

I n  the  a i r  u n i t ,  angles la rge  enough t o  cause je t  flow 

With these f a c t s  i n  mind, the questions asked above a r e  

- 31 - 



from a flow t h a t  f i l l s  the e n t i r e  passage, and the f i n a l  
quest ion suggests t h a t  there  a r e  two kinds of fully-developed 
s t a l l o  Thus the large number of questions a r i s e s  from the 
varying aspects  of the phenomena of s ta l l s ,  
c l a s s i f i c a t i o n  of s t a l l s  therefore  seems i n  order,  

be c l a s s i f i e d  i n t o  four  basic  types according t o  the concepts 

A fu r the r  

A t  present i t  1s believed t h a t  s t a l l s  m i g h t  l og ica l ly  

apparently needed t o  r a t iona l i ze  behavior, These four  types 
include two kinds of t r a n s i t o r y  and two kinds of fu l ly -  
developed stall as follows: 

I TRANSITORY STALL 
A. Small Transi tory S t a l l :  Characterized by small  

i s o l a t e d  spots  of s t a l l  t h a t  do not  i n t e r a c t  
with each o ther  o r  remain f ixed i n  space. This 
is the region below curve a-a Figo 2 and l e f t  
of point  2 on Fig, kb. 

Bo Large Transitory S t a i l :  Characterized by la rge  
flow f luc tua t ions  in t e rac t ions  of more than one 
spot  of s ta l l .  and strong in t e rac t ions  between 
the mainstream and the s t a l l  spots ,  Lies 
between a-a and b-b of Fig, 2 ,  and between 
Points 2 and 4 i n  Fig. 40 

I1 FULLY-DEVELOPED STALL 
A ,  Fully-Developed Fteady S t a l l :  Characterized 

by a large area of wal l  t h a t  has backflow one 
hundred percent of the time, 
f l u i d  f a  shed; i t  merely rec i rcu la tes ,  

Bo Fully-Deve loped Unsteady Sta  11: Characterized 
by a large area of wal l  t h a t  has a backflow 
one-hundred percent of the time, but large seg- 
ments of wake f l u i d  a r e  per iodica l ly  cast-off 
and go downstreamc 

L i t t l e  o r  no wake 

I n  t h i s  c l a s s i f i c a t i o n  both the J e t  flow regime and 
the  fully-developed stall regime a r e  considered t o  f a l l  i n  
c lass  I1 A ,  The d i s t i n c t i o n  merely i l l u s t r a t e s  the nature  
of the s t a b i l i t y  problem t h a t  fs assoc ia ted  w i t h  t h i s  c l a s s  
cf f l o w  an6 is discussed belsw, Class I1 B i s  important i n  
connection w i t h  bluff bodies and sharp corners a s  noted above, 
but i t  does not  occur i n  the geometry studied by Moore and 
Kline (1); the  reasons f o r  t h i s  w i l l  become evident l a t e r ,  

1 

4. 

r 

- 32 - 



SMALL TRANSITORY STALL REGIME 
As noted above this  i s  the region Lying below curve 

a-a Figo 2 and t o  the l e f t  of point  2 on Figa 4b. I n  t h i s  
region normal dye t r ace  methods always show an apparently 
uns ta l led  f lowg but c lose  observetions of the wal l  layers  
reveal  t h a t  small  i so la ted  spo t s  of s t a l l  a r e  sometimes 
present even t o  very low divergence anglese 
s p o t s  a r e  very small  and occur individual ly ,  a question con- 
cerning how they commence na tu ra l ly  a r i s e s ,  
c a l  possible  sources a r e  per turbat ions of the flow and wal l  
roughnesso In  the present t e s t s s ,  the low v e l o c i t i e s  used 
gave a hydraul ica l ly  smooth wal l ,  and i t  was found t h a t  
under these conditions unevenness o r  small  bumps on the 
w a l l  seemed t o  have l i t t l e  e f f e c t ,  Disturbances fmm the 
mainstream, on the other hand, had a pronounced e f f e c t ,  I n  
f a c t ,  such dis turbances appear t o  be the sole o r i g i n  of the 
s p o t s  i n  the t e s t s  t o  date ,  and they appear t o  have a large 
e f f e c t  on the s i z e  of the s p o t s  of s t a l l ,  the  frequency of 
occurrence, and the m i n i m u m  divergence angle a t  which s t a l l  
s p o t s  can c l e a r l y  be discerned, However, these t e s t s  are 
s t i l l  qui te  l imited i n  scope and f u r t h e r  t e s t s  using care- 
f u l l y  control led mainstream f luc tua t ions  w i l l  have t o  be made 
before the matter  i s  f u l l y  understoodo 

Two types of t e s t s  on the incept ion of s t a l l  have been 
performed i n  the water table ,  In  both t e s t s  a m i l d  adverse 
pressure gradient  was used ( t o t a l  divergence angle of ap- 
proximately 3' and L/W1 of 8), In  the f i rs t  t e s t  severa l  
Observations were made of the f l o w  a t  one point on the 
w a l l  using the dye in jec t ion  technique described above, 
These observations were carr ied out w i t h  a r e l a t i v e l y  high 
i n l e t  turbulence l e v e l  i n  the  water t ab le  (see descr ip t ion  
reference 1>, Those observations showed only one s p o t  of 
s t a l l  a t  a time w i t h  a diameter averaging perhaps an  eighth 
of an inch, 
every 30 seconds, 

Since the 

The two logi-  

* 

One such s p o t  occurred on the average about 
Then a hor izonta l  g r i d  of 3/8" rods 
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with 318 
point  of observation on the wal l  t o  increase the  f r e e  stream 
disturbances and the  tests were repeated, Immediately, 
the number and s i z e  of the spots  of s t a l l  increasedo As 
t he  disturbance s i z e  was increased by moving the g r i d  of 
rods closer t o  the point of observation, and thus decreas- 
ing  the decay of the la rge  sca l e  f luc tua t ions ,  the spots  of 
s t a l l  became s t i l l  more numerous and l a rge ro  When the g r i d  
was located only a few inches upstream along the wall  under 
study, as  many a s  t e n  spots  appeared a t  once on the Lb wall 
and the avcmge diameter of the  spots  appeared t o  be two o r  
th ree  times the s i z e  found a t  the o r i g i n a l  turbulence level, 

i n t o  the flow with the hypodermic needle used f o r  dye in- 
j ec t ion  i n  order t o  a c t u a l l y  see the impact of the d i s -  
turbances a t  the w a l l ,  I n  this t e s t  a dye t r a c e  was placed 
on the same loea t ion  of w a l l  as i n  the f irst  test and w i t h  
the o r ig ina l  turbulence level ,  t h a t  i s ,  wi thou t  the 318 
rods; again only one very s m a l l  spot  of s t a l l  was usua l ly  
v i s i b l e  a t  a t i m e ,  Then while the dye on the w a l l  w a s  s t i l l  
v i s i b l e ,  the hypodermic tube was o s c i l l a t e d  back and f o r t h  
across  the flow a sho r t  dis tance out f r m  the w a l l  and up- 
stream from the  loca t ion  of the dye t race.  A t  the same 
time a s  i t  was o s c i l l a t e d  a small amount of dye w a s  in-  
jected,  I n  t h i s  way the disturbances generated could be 
seen moving downstream i n  a pa t t e rn  much like t h a t  0% a 
Mach cone i n  supersonic flow, Up u n t i l  the time these  
disturbances s t ruck the wal l  w i t h  the dye t r a c e g  no change 
i n  the pa t te rn  of spot  stall was v i s i b l e ,  but as soon as the  
disturbances reached the dye t r ace ,  almost a t  once six t o  
t e n  small  spots of a t a l l  appeared a t  the w a l l ,  Each s p o t  
appeared much l i k e  a small three-dfmensiona% s tagnat ion  
point flow, 

c l e a r l y  t h a t  9% least one mig.Ln of s p o t s  of s t a l l  is the 

gaps was placed across  the flow upstream f r o m  the 

IS 

The second t e s t  involved introduct ion of disturbances 

Q(i 

X t  i s  believed t h a t  these two experiments show r a t h e r  
1 J 
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e f f e c t ,  a t  the ml l ,  of the pressure pulsat ions generated 
by f r e e  stream veloci ty  f luctuat ions.  Normally, f luctua-  
t i ons  large enough t o  cause a complete reversa l  of the f r e e  
stream f low do not  occur, but the following oversimplified 
ana lys i s  suggests t h a t  such f low reversa ls  might  readi ly  
occur a t  the wal l  due t o  the non-linear nature  of the i n t e r -  
a c t ion between pressure and i n e r t i a  forces ,  

pressure disturbance given approximately by Euler ' s  equa- 
t i o n  as: 

I n  the f r e e  stream a small  veloci ty  change causes a 

dp/p = -. UdU, where U i s  the f r e e  stream veloc i ty  (4) 

If the pressure f luc tua t ion  occurs near the w a l l ,  we can 
assume a s  a f i r s t  approximation tha t  i t  propagates t o  the 
wal l  without a t tenuat ion.  However, a t  the wal l  it w i l l  then 
cause a convective veloci ty  a l t e r a t i o n  of magnitude: 

wal l  layers ,  If we equate the two pressure disturbances 
according t o  the assumption of l i t t l e  a t tenuat ion ,  then as 
a f i r s t  approximation 

Equation (5) i s  a crude approximation because it not  only 
neglec ts  the e f f e c t  of v i scos i ty  and a t tenuat ion  of the 
f luc tua t ion  i n  pressure,  b u t  it slso assumes t h a t  the pres- 
sure  f luc tua t ion  i s  applied s t e a d i l y  t o  some small  stream 
tube, I n  a c t u a l i t y ,  the pressure f luc tua t ion  i s  not appl ied 
s t e a d i l y ,  and the time dependent term of E u l e r D s  equation 
i s  important. Nevertheless, equation (5) shows the t e rns  
t h a t  might  read i ly  bring about a small f low reve r sa l  i n  
the wall layers ,  

example by Klebanoff and Diehl  (8) , show tha t  the turbulence 
i n t e n s i t y  near  the knee of the  ve loc i ty  p r o f i l e  i s  of the 
order  of  t en  percent. The veloci ty  a t  th i s  locat ion i s  of 
the order  of f i f t y  t o  seventy percent of f r e e  stream veloc- 
i t y ,  and thus f lucuta t ions  of the order  of f i v e  percent of 

dp/p = - udu, where u i s  some average ve loc i ty  of the 

du/dU = U/u. (5) 

The data  on turbulent  boundary layers ,  as  given f o r  
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f r e e  stream veloc i ty  a r e  normally present very near the 
w a l l  i n  a turbulent  boundary Payer, Hence it i s  r e l a t i v e l y  
easy t o  envisage small  flow reversa ls  i n  the layers  v e r y  
near  the wall  partlcuEBrLy when the pressure forces  a re  such 
t h a t  they tend t o  sus t a in  motions i n  an upstream d i r ec t ion ,  

The foregoing ana lys i s  suggests t h a t  f low reversa ls  
may a l s o  occur v e r y  near the wa l l  i n  h m i n a r  boundary layers  
i f  strong f luc tua t ions  a r e  present i n  the f r e e  stream, and 
may even occur i n  the  negative pressure gradient region 
under these conditions,  HoweverB inasmuch a s  the pressure 
forces  a t  %he w a l l  always a i d  such flow reversa ls  i n  ad- 
verse pressure gradients  and always tend t o  h a l t  them i n  
favorable pressure gradients  i t  i s  t o  be expected t h a t  
such flow reversals  w i l l  be f a r  l e s s  common and less per- 
s i s t e n t  i n  negative pressure gradientso This point  was 
checked by repeating the tes t s  w i t h  very h igh  disturbances 
using rods  and o s c i l l a t i n g  the hypodermic needle i n  a region 
upstream of the  th roa t  of the diffuser  where the pressure 
gradient  is st rongly favorable and the boundary l aye r  i s  
laminar, When th i s  was done, small  f l o w  reversa ls  were 
found i n  the  wall l ayers  of the  negative pressure gradient  
regime.  However, they a r e  harder t o  produce, and they 
p e r s i s t  f o r  f a r  sho r t e r  periods of t i m e .  
preted t o  mean t h a t  the cont inua l  e f f e c t  of  the favorable 
pressure gradient i s  such t h a t  while flow reversa ls  can Oc- 
cur  near the wal l  i n  such a regime, they are f a r  l e s s  like- 
l y ,  and they require l a r g e r  pres'sure dis turbanceso 
i n  the i n i t i a l  t es t s  which were used t o  check the technique 
of dye i n j e c t i o n  no reversa ls  were found i n  favorable pres- 
sure  gradient regimes because the t e s t  was not run a grea t  
number o f  times and the disturbance l e v e l  was only moderate 
i n  the  f r e e  stream. 

t i o n s  f a r the r ,  a s e t  of t e s t s  was then a l s o  made using a 

This i s  i r t e r -  

Thus 

I n  order t o  cheek the e f f e c t  of f ree  stream f l u c t m -  
J 
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very smooth i n l e t  f low,  
a l t e r n a t e  water supply el iminat ion of a l l  f ixed dye i n  jec- 
t o r s ,  and a ca re fu l  cleaning and rebui lding of the i n l e t  
damping screens,  The upstream flow conditions were then 
very smooth and f r e e  from random disturbances;  a dye t r ace  
in jec ted  f a r  ahead of the i n l e t  would i n  general  remain in-  
t a c t  i n  the f r e e  stream flow through most o r  a l l  of the 
d i f fuser .  
t r a n s i t o r y  s t a l l  was much less not iceable  and occurred only 
a t  the higher angleso That i s ,  f o r  an L/W1 of 8 no t r a n s i -  
to ry  s t a l l s  were v i s i b l e  a t  a l l  f o r  angles l e s s  than 5', 
and even small s t a l l s  a t  the wal l  were hard t o  f ind  a t  
angles  i n  the range of 10-12'. 
flow i n  the wall  l ayers  appeared much evener and more uni- 
formly oriented downstream. Small s t a l l s  were s t i l l  found 
i n  the region just downstream from the  th roa t ,  but these 
s t a l l s  d i d  not f luc tua te  near ly  a s  much a s  before and were 
l a r g e r  i n  s i ze ,  
the throa t  which moved i n  locat ion,  one o r  two l a r g e r  s t a l l s  
very near the wal l  appeared and were r e l a t i v e l y  s t a b l e  i n  
regard t o  locat ion,  The same thing was observed i n  s t a l l s  
observed f a r t h e r  downstreamo That i s ,  the s t a l l s  t h a t  were 
found appeared a s  l a r g e r  f l a t  areas  of s t a l l  very near the 
wal l  and while they were s t i l l  t r a n s i t o r y  i n  nature ,  the 
motions were f a r  slower than a t  the higher  dis turbance l e v e l s o  

where no t r a n s i t o r y  s t a l l  could be observed a d i f f e r e n t  type 
of self-energizing of the w a l l  l ayers  appeared t o  occur, 
This mechanism consisted of  the production of vo r t i ce s ,  
apparent ly  or iginat ing i n  the wal l  l aye r s ,  with an  a x i s  of 
r o t a t i o n  p a r a l l e l  t o  the d i r ec t ion  of f low,  Such vor t ices  
appeared i n  various locat ions and had various s i z e s o  They 
were not  f ixed i n  space but appeared f i rs t  i n  one locat ion 
and then i n  another, After  s t a r t i n g  near the wal l ,  they 
move outward a s  they progress downstream, The o r i g i n  of 

This was achieved by use of an 

A t  t h i s  l e v e l  of  f luc tua t ions  i n  the f r e e  stream, 

The e n t i r e  character  of the 

That i s ,  instead of four  o r  f i v e  s t a l l s  near  

It i s  a l s o  worthy of note ,  t h a t  i n  the wall l ayers  
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these vor t ices  i s  unknown. It f s  c l e a r 9  however, t h a t  they 
w i l l  a c t  i n  a manner similar t o  vo r t i ce s  introduced a r t i f f -  
c i a l l y  by use o f  vortex generators i n  energizing the wal l  
l ayers ,  Further study of t h i s  phenomenon i s  needed, 

It i s  a l s o  i n s t r u c t i v e  a t  t h i s  point t o  consider the 
e f f e c t  of a longi tudina l  per turbat ion i n  the i n l e t  ve loc i ty  
p r o f i l e  Qf the w a l l  layers .  I n  pa r t i cu la r ,  a small  varia- 
t i o n  of veloci ty  o f  two adjacent  p a r t i c l e s  i n  the  boundary 
l a y e r  each a t  the same d is tance  from the wal l  i s  of i n t e r e s t ,  
It is  c l ea r  t h a t  such a per turbat ion could occur a s  a resul t  
of e i t h e r  a f l uc tua t ion  from the f r e e  stream of the s o r t  
jus t  discussed o r  a small i r r e g u l a r i t y  i n  the  upstream 
h i s t o r y  of the boundary layer .  For the sake of c l a r i t y  l e t  
us assume that the  i r r e g u l a r i t y  i n  ve loc i ty  i s  i n  the form 
of a s t e p  of s i z e  6. Thus a t  a given sec t ion  on the wal l  
the  ve loc i ty  of a p a r t i c l e  may be u, while a sho r t  dis tance 
away, p a r a l l e l  t o  the w a l l ,  another p a r t i c l e  has a ve loc i ty  
u Let us examine what w i l l  happen i f  t h i s  flow t rav-  
e r s e s  a posi t ive pressure gradient  . The convective decelera- 
t i o n  required f o r  a given pressure r ise again can be found 
from Eulervs equation a s  a f i rs t  approximation. If the 
p a r t i c l e  w i t h  i n i t i a l  ve loc i ty  u i s  denoted by subscr ip t  
Ula#l  

then s ince  each p a r t i c l e  t raverses  the same pressure r i s e ,  
we can wri te :  

and tha t  with i n i t i z l  ve loc i ty  u + e  by subscr ip t  OPbIf 9 

d P/P t -Udl.ia = -(u + & ) d u b  

Thus the deceleratim of the two p a r t i c l e s  is d i f f e r e n t ,  By 
l e t t i n g  E be e i t h e r  plus o r  minus i t  i s  readi ly  seen t h a t  
f a s t e r  n?nving Layers are  decelerated less than the average 
and slower moving layers  a r e  decelerated moreo Consequent- 
i Y  7 an i n i t i a l  unevemess in ve loc i ty  p ro f i l e  i s  magnified 
by the n.on-linear i n t e r a c t i o n  of pressure and momentum 
forces .  Furthermore, i f  the two p a r t i c l e s  just  considered 
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a r e  now made t o  t raverse  a s t i l l  f u r t h e r  adverse pressure 
gradient  the difference i n  ve loc i ty  w i l l  be fu r the r  mag- 
n i f i e d  a t  a more rapid ra te ,  € w i l l  be l a r g e r  both i n  
absolute  value and i n  r e l a t i o n  t o  the decreased value of 
ua Thus the process tends t o  be unstable.  Such an ac t ion  
could account f o r  l o c a l  three-dimensional s t a l l  incept ion  
even i n  a flow which was r e l a t i v e l y  f r e e  from f luc tua t ions  
i n  the f r e e  stream, This analys is  a l s o  involves f a r  l e s s  
approximation than the previous one, Equation ( 6 )  neglects  
the e f f e c t  of v i scos i ty ,  but i s  otherwise exact f o r  a 
steady motion under the conditions assumed, 

The descr ipt ions of the small  t r a n s i t o r y  s t a l l  regime 
j u s t  given a r e  pa r t ly  h i s t o r i c a l  due t o  the need t o  estab- 
l i s h  t h a t  such a regime ac tua l ly  e x i s t s  before discussing 
the  na ture  of the flow, Since the number of d i f f e r e n t  ob- 
servat ions a r e  considerable,  it may be des i rab le  t o  re- 
c a p i t u l a t e  the conclusions now ava i lab le  about the  mechan- 
isms i n  t h i s  regime of flow, i n  order  t o  make c l e a r  what 
i s  known, what i s  surmised, and w h a t  s t i l l  remains unknowno 

The experiments show t h a t  small  t r ans i to ry  s t a l l  
d e f i n i t e l y  does e x i s t .  When i t  e x i s t s ,  i t  cons is t s  of small  
i so l a t ed  spots  of s t a l l  that or ig ina te  i n  the wal l  l aye r s ,  
move upstream a sho r t  dis tance then leave the wal l ,  and 
f i n a l l y  a r e  car r ied  back downstream rapidly by the momentum 
forces  of the mainstreamo The minimum divergence angle a t  
which small  t r a n s i t o r y  s t a l l s  can f i r s t  be observed, the 
s i z e  of the s t a l l s ,  and the frequency of t h e i r  occurrence 
all a r e  s t rongly dependent on the amount and probably the 
type of f l cc tua t ions  present i n  the f r e e  stream, Increase 
i n  f r e e  stream f luctuat ions tends t o  decrease the angle of 
f i r s t  occurrence of t r ans i to ry  s t a l l 3  large enough f luc tua-  
t i ons  can even decrease the angle t o  negative values, Such 
increases  i n  f luc tua t ions  a l s o  increase both the s i z e  and 
frequency of occurrence of s p o t s  of s t a l l o  Quant i ta t ive 
s tud ies  of the e f f e c t  of the type and s i z e  of f r e e  stream 
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f luc tua t ions  need to  be ca r r i ed  out. 
condi t ion,  t h a t  i s  f o r  a l l  upstream conditions held f ixed 
including the f r e e  stream f luc tua t ions ,  the amount of 
small  t r ans i to ry  s t a l l  increases  with increased adverse 
pressure gradient with increased thickness of boundary 
Payer, and probably a l s o  with increased length of applica- 
t i o n  of the adverse pressure gradient, 

f r o m  l a rge  t r a n s i t o r y  s t a l l  previously reported by Moore 
and Kline (1) and f u r t h e r  described i n  the next sect ion,  
A s  pressure gradient  i s  increased the s i z e  of the t r a n s i t o r y  
s t a l l s  grow so  t h a t  the  two regimes blend continuously i n t o  
each other ,  and the d i s t i n c t i o n  i s  one of s i z e  r a t h e r  than 
kind. The d i s t i n c t i o n  i s  useful no t  because the two regimes 
blend together i n  the middle,  but r a t h e r  because the i r  
behavior i s  d i f f e r e n t  a t  the two extremes of points  1 and 

For a given i n l e t  

Small t r ans i to ry  s t a l l  i s  not  a d i f fe ren t  phenomenon 

4 Of Fig. 40 
LARGE TRANSITORY STALL R E G I M E  

A s  already noted, t h i s  i s  the region between curves bb 
and cc on Fig.  2 and between points  2 and 3 on Fig. 4, I n  
t h i s  region la rge  t r a n s i t o r y  s t a l l s  move up and down along 
the walls. The s t a l l s  a r e  f requent ly  l a r g e r  than the 
thickness of the boundary l a y e r  and cover an ent i re  corner 
of the passage o r  a major f r a c t i o n  of one w a l l .  
l a rge  t r ans i to ry  s t a l l s  become more numerous, they begin 
t o  overlap,  and l o c a l  a reas  of f ixed ,  t h a t  i s  fu l ly -  
developed, stalls may occur simultaneously w i t h  the la rge  
t r a n s i t o r y  s t a l l s o  A study of the desc r ip t ion  o f  the flow 
found by t u f t  observations pictured i n  Fig. 3 is revealing 
i n  t h i s  connectiono It c l e a r l y  shows tha t  a succession of 
s t a t e s  occurs i n  which a l l  s o r t s  of various combinations 
of s t a l l  pat terns  O C C U r e  For given i n l e t  condi t ionsa the 
amount of t r a n s i t o r y  s t a l l  apparently increases  monotoni- 
c a l l y  w i t h  angle from point 1 t o  near  point  4 of F igo  bo 

As these 

A t  paint  b of Fig. 4 however, it i s  c l e a r  t h a t  a 



t 

4 

change i n  the flow mechanism must occur from the shape of 
the  curve. Both Fig, 2 and Figo 4, from the observations 
of references 1 and 2 respect ively,  show t h a t  t h i s  change 
i s  t o  a fully-developed asymmetric two-dimensional s t a l l .  
However, there  a r e  severa l  questions i n  regard t o  t h i s  
change,, F i r s t  of a l l ,  g'Why does the  s t a l l  suddenly a l t e r  
f rom a three-dimensional t r a n s i e n t  o r  t r a n s i t o r y  type t o  
a r e l a t i v e l y  steady two-dimensional o r  fully-developed 
type?" 

This question has been s tudied,  again by water t a b l e  
observations,  i n  some detail :  A d i f f u s e r  flow was set  up 
with a divergence angle s l i g h t l y  g rea t e r  than t h a t  of point 
4 of Fig. 4 and w i t h  an L/W1 of 8. 
developed s t a l l  was then eliminated from the  d i f f u s e r  by 
i n s e r t i o n  of a c l u s t e r  of vanes i n  the  manner described i n  
reference 1. 
( t h a t  i s ,  a l l  the flow appeared moving downstream when 
viewed with conventional dye techniques) the  vane c l u s t e r  
was given an i n c l i n a t i o n  away from the  cen te r l ine  i n  order 
t o  e s t a b l i s h  a c l e a r  preference of the  subsequent fu l ly -  
developed s t a l l  f o r  one wallo The vane c l u s t e r  was l e f t  i n  
t h i s  cocked pos i t ion  for about t h i r t y  seconds and then re- 
moved. Dye was in j ec t ed  over  the  whole a rea  along the  wal l  
on which the fully-developed s t a l l  was developing, and the  
f l o w  was observed t o  see where and how the fully-developed 
s t a l l  began. This  t es t  was repea ted  about two-dozen timeso 
The f i r s t  few t r ia l s  were s u f f i c i e n t  t o  e s t a b l i s h  t h a t  the  
fully-developed s t a l l  began a s  a fixed s p o t  of s t a l l  i n  the 
corner  just downstream of the t h r o a t ,  t h a t  i s ,  i n  the loca- 
t i o n  where the  boundary layer  i s  th i ckes t  f o r  the cross- 
s e c t i o n  of maximum adverse pressure gradient ,  This f ixed 
s t a l l  then grew, apparently by simple acc re t ion  of f l u i d  
from behind, u n t i l  it extended down the e n t i r e  corner of the  
passage, A t  t h i s  point ,  the e n t i r e  mainflow a t  the  surface 
and t o  down t o  about half the  water depth of 4 

The l a rge  f u l l y -  

Af te r  the flow was again apparently uns ta l led ,  

It 
was s t i l l  
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proceeding downstream on the same w a l l o  Next the  s t a l l e d  
a rea  grew upward un t i l  the e n t i r e  w a l l  was s t a l l e d  thus 
f i n a l l y  giving the fully-developed s t a l l  previously described 
f o r  t h i s  value of divergence angle and L/Wlo 
a c t i o n  was not  fas t ;  a t o t a l  time o f  the order  of s eve ra l  
minutes was required on the average f o r  the s t a l l  t o  bui ld  
up t o  the f i n a l  pa t t e rn  a f t e r  the  vane c l u s t e r  was removedo 

a la rge  role  i n  the  establishment of a fully-developed s t a l l  
s ince  the t r ans i to ry  s t a l l s  c rea te  small vor t i ces ,  and the 
fully-developed s t a l l  appears a s  a la rge  r ec i r cu la t ing  
region which contains considerable two-dimensional v o r t i c i t y o  
However, t e s t s  i n  which vo r t i c i ty  was a r t i f i c i a l l y  introduced 
by a spfnning cyl inder  i n  various ways completely f a i l e d  t o  
confirm t h i s  idea,  I n  f a c t g  no s t rong v o r t i c i t y  components 
have been observed i n  the growth pa t t e rn  described above 
although v o r t i c i t y  does appear t o  play an  important ro l e  i n  
the  shedding of ind iv idua l  s p o t s  of s t a l l  from the w a l l  and 
i n  the flow along the edge of the  s l i p  stream between the 
main flow and a fully-developed s t a l l  region, The a c t i o n  
of v o r t i c i t y  i n  spot  s t a l l  shedding i s  not  y e t  understood, 
and i s  s t i l l  under studyo 

It i s  c l e a r  from the descr ip t ion  given above, t h a t  the 

fully-developed s t a l l  bui lds  up gradually going f i r s t  from 
t r a n s i t o r y  s t a l l  t o  a three-dimensional type of fu l ly -  
developed s t a l l  and f i n a l l y  t o  a two-dimensional fu l ly -  
developed s t a l l , ,  Furthermore, i t  i s  c l e a r  from the way 
i n  which t h e  s t a l l  grows l a r g e r  and l a r g e r  t h a t  a s t a b i f i t y  
problem i s  indeed involved, The f a c t  t h a t  a s t a b i l i t y  con- 
s ide ra t ion  must be introduced i s  a l s o  evident  from the curve 
of Fig,  Lbo A t  point  4 on Fig,, 4 a very small increase i n  
angle brings about a very l a rge  change i n  the e n t i r e  pa t t e rn  
of the flow; t h i s  i n  i t s e l f  is c l e a r  evidence t h a t  some 
s t a b i l i t y  consideration should be introduced, Since i t  now 
appears tha t  f o r  fixed i n l e t  conditions and f ixed L/W1 the  

The growth 

Initially i t  had been f e l t  t h a t  v o r t i c i t y  m i g h t  play 

¶ 
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amount of s t a l l e d  area tends t o  increase with increasing 
divergence angle and s ince the fully-developed s t a l l  i s  
created simply by growth ,  i t  would appear l o g i c a l  t o  a t -  
tempt t o  formulate the problem i n  terms of balance between 
the r a t e  a t  which s t a l l e d  f l u i d  i s  produced over a given 
sec t ion  of wal l  and the steady r a t e  a t  which i t  can be ' 

swept away, As soon a s  t h i s  concept i s  formulated, continu- 
i t y  considerations can be employed t o  explain many observed 
phenomena . 

It must be remembered t h a t  the production of s t a l l e d  
f l u i d  i n  the t r a n s i t o r y  s t a l l  regime i s  not  a steady phe- 
nomenon; but i s  ins tead  a time dependent phenomenon which 
produces spots  of s t a l l  i n  an apparently random fashion over 
both time and space, However, by taking a t i m e  average 
over a long enough period, c e r t a i n  proper t ies  independent 
of the ind iv idua l  f l uc tua t ions  can be determinedo Con- 
s ider  a given segment of wal l  as shown i n  the  cont ro l  
surface ef Figo 1l0 For such a cont ro l  surface,  i t  i s  
evident  t h a t  the smaller the long term average r a t e  a t  which 
s t a l l ed  f l u i d  i s  produced in s ide  the cont ro l  surface com- 
pared t o  the possible r a t e  a t  which i t  can be swept  away, 
the smaller the percentage of t i m e  a spot  af s t a l l  w i l l  be 
present inside the con t ro l  surface,  and the smaller t h e -  
percentage of wal l  area i t  w i l l  cover on the averageo 
a t  very low adverse pressure gradients  only i so l a t ed  small 
spots  of s t a l l  of shor t  average dura t ion  a re  observed, How- 
everg  as the  adverse pressure gradient  i s  Increased, more 
s t a l l e d  f l u i d  is produced, and the average area of w a l l  

Thus 

covered by s t a l l  over a period of time increaseso 
process is continued, a point  eventual ly  w i l l  be reached a t  
which t h e  rate of production of s t a l l e d  f l d d  w i l l  exceed 
the r a t e  a t  which i t  can be swept away on the  average. Thus 
s t a l l e d  f l u i d  w i l l  gradually accumulate, and a l a r g e r  and 
l a r g e r  area of s t a l l  w i l l  build up, 
agreement with the observed f a c t s  i n  the diffuser  studies 

If this  

This  i s  e n t i r e l y  i n  



reported above and a l s o  w i t h  the movies of flow over 
a i r f o i l s  taken mny years  ago under Prandt l ' s  d i r ec t ion  
a t  GQttingen, I n  both instances,  a backflow does not  simply 
s e t  i n  along a l i n e  a s  envisaged i n  c l a s s i c a l  boundary layer  
theory,  but r a the r  a small  area of s t a l l  f i r s t  appears, The 
s t a l l  then continues t o  grow u n t i l  i t  reaches i t s  f i n a l  
s teady-s ta te  size, In addi t ion,  both s tudies  show t h a t  the 
f i n a l  steady s t a t e  s t a l l  point i s  of ten not  the same a s  the 
point  from which the growth commences. 

As the  following discussion w i l l  i l l u s t r a t e ,  th is  con- 
cept  of the balance between the r a t e  of production of s t a l l e d  
f l u i d  and the r a t e  a t  which i t  can be swept away by the 
ava i l ab le  momentum forces  o f  the mainstream near  the wal l  
i s  apparent ly  c e n t r a l  t o  the understanding of a l l  s t a l l  
mechanismsD It i s  therefore  per t inent  a t  th is  point t o  
d i scuss  the na ture  of the forces by which s t a l l e d  f l u i d  is 
produced and by which i t  i s  carr ied away downstream. 

I n  a viscous f l o w  wi th  an adverse pressure gradient  
t he re  a r e  two forces  t h a t  tend t o  produce s t a l l e d  f l u i d ;  
these a r e  wal l  shear  and steady pressure forceso  There 
is only one source of forces avai lable  f o r  removing s t a l l e d  
f l u i d ,  however: t h i s  i s  the momentum o r  i n e r t i a  forces  of 
t he  through flaw, However, the momentum forces  may a c t  i n  
e i t h e r  of two ways, Transient pressures can be created by 
l o c a l  dece lera t ion  of the flow, and drag forces ,  laminar 
and tu rbulen t  may bc exerted l a t e r a l l y  by the high speed 
f lufd.  

Consfder a s ing le  t r ans i to ry  spot  of s t a l l  i n  the small 
t r a n s i t o r y  s t a l l  regime. If i t  i s  an i so l a t ed  s p o t  of s t a l l  
on a wal lg  the forces  on it  are  a s  shown i n  Fig,  12a. Since 
the  s p o t s  of s t a l l  on the wall move r e l a t i v e l y  slowly up- 
stream, the wal l  shear w i l l  be small. Since the momentum 
forces  near the wal l  a r e  very low, the  primary forces  on 
the spot  of s t a l l  a r e  then the drag forces  on i t s  outer  edge 
which a r e  caused by the downstream flow and the pressure 

¶ 
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forces  pushing i t  upstreamo As soon as such a spot leaves 
the  wall ,  the  drag forces due t o  the  surrounding layers  of 
f l u i d  increase  rapidly inasmuch as both the  ve loc i ty  gra- 
d i en t  and the  a rea  of appl ica t ion  increasee  The momentum 
forces  due t o  impact on the upstream end of the s p o t  a l s o  
increase  very rapidly due t o  the increased oncoming ve loc i ty  
f a r t h e r  from the  wall,, Since the  ve loc i ty  of the spot  of 
s t a l l  i s  very low, t o  a f i r s t  approximation i t  can be viewed 
a s  an obstacle  i n  s o  f a r  a s  the  main flow i s  concernedo 
Thus the pressure a t  nose of the spot can be approximated by 
s tagnat ion  pressure loca l ly  and i s  proport ional  t o  the square 
of the l o c a l  ve loc i ty  as shown i n  Fig, 12b. 
su rp r i s ing  that  the  i so la ted  spots  disappear very r ap id ly  
once they leave the w a l l .  

On the  o the r  hand9 if the s p o t s  of s t a l l  become r e l -  
a t i v e l y  l a rge ,  the balance o f  forces  i s  a l t e r e d  by the f a c t  
t h a t  the  surface area ava i lab le  f o r  d rag  by the  mainstream 
I s  proport ionately reduced a s  shown i n  Fig, 12c0 Thus the  
r e l a t i v e  e f f e c t  of both the shear  fo rces  tending t o  sweep 
the  spot downstream and the r a t e  a t  which s t a l l e d  f l u i d  i s  
captured f r o m  the spot  by entrainment a t  i t s  boundaries are 
reduced, Hence the  spot  would tend t o  s t a y  i n  the d i f f u s e r  
longer and t o  decrease i n  s i ze  more slowly, Another view 
of the  same thing i s  seen by noting t h a t  i f  only i s o l a t e d  
spots  of conStant s i z e .  occur then the  drag area of each spot  
is unaltered no matter  how many spots  appear, 
exis tence of spots  of s t a l l ,  by v i r tue  of cont inui ty ,  re- 
qu i r e s  the remainder o f  the flow t o  move downstream f a s t e r  
and hence the  sweeping-out r a t e  of s t a l l e d  f l u i d  i s  some- 
what augmented by more s p o t s  of s t a l l ,  However, i f  s o  many 
spo t s  of s t a l l  occur that they begin t o  coalesce,  then the  
e f f e c t  of the  drag forces  of the mainstream i s  reduced, 
This  can c l e a r l y  be seen by comparing the  two types of f low 
geometries shown i n  Figs,  12d and 12e0 Thus as the s p o t s  
begin t o  coalesce,  a des t ab i l i z ing  type of a c t i o n  i s  t o  be 

Thus i t  i s  not 

I n  f a c t ,  the  

- 45 - 



expected, 
p i c tu re s  shown i n  Fig, 4, 
developed s t a l l  occurs suddenly a+  about the point where 
the t r ans i to ry  s t a l l s  a r e  becoming l a rge  and begin t o  over- 
l a p  and in t e rac t ,  

The following f u r t h e r  argument concerning the unstable 
na ture  of the t r a n s i t i o n  from t r a n s i t o r y  t o  fully-developed 
s t a l l  can a l s o  be given, It i s  known from many observations 
t h a t  the fully-developed s t a l l  may s t a r t  on e i t h e r  wa l lo  and 
t h a t  some apparently t r i v i a l  d i f fe rence  i n i t i a l l y  decides 
the  choice of w a l l ,  However, i n  the  two-dimensional d i f -  
f u s e r  geometryg w i t h  s teady,  t h i n  i n l e t  boundary layers  no 
case has ever been observed i n  which the fully-developed 
s t a l l  flopped from one wal l  t o  the  o thero  It can be forced 
t o  change walls by introducing a very l a rge  disturbance such 
a s  blocking the flow down one wal l  e n t i r e l y  f o r  a period of 
t i m e ,  but i n  the absence of such very la rge  disturbances 
i t  appears s t a b l e  and r e l a t i v e l y  steady. Consequently, the 
growth of the fully-developed s t a l l  region seems t o  s t a b i l i z e  
the flowo This can be ra t iona l ized  i n  terms of the force 
p i c tu re s  of F i g o  12d, 12e and 12fo  
developed two-dimensional s t a l l  a s  shown i n  Figo 12 f ,  ncrt 
only i s  the proportionate drag forces  reduced a s  compared 
with those on an i s o l a t e d  spot  shown i n  Figs. 12c and 12d, 
but a l s o  the pressure a t  the leading edge of the  s t a l l  
region is lower than the s tagnat ion pressure which would be 
exerted on the  nose of an i s o l a t e d  spot ,  
h igh  speed layers  of f l d d  have now been pushed away from 
the w a l l s  and can a c t  t o  remove s t a l l e d  f l u i d  only along 
a two-dimensional i n t e r f ace  r e l a t i v e l y  f a r  f rom the  wal lo  
Thus, f o r  a l l  these reasons,  a s  a spo t  of s t a l l  becomes 
f ixed and s t a r t s  t o  grow? the r a t e  a t  which s ta l led  f l - d d  
can be swept  away from the loca t ion  i n  nuestion i s  reduced, 
and the s p o t  continues t o  enlarge i t s e l f  d i x  t o  the  con- 
tinued excess of backflow f rom downstream u n t i l  the e n t i r e  

This seems t o  be i n  agreement w i t h  t he  flow 
That i s ,  the onset Of f u l ly -  

I n  the case of a fu l ly-  

In  addi t ion ,  the 

1 
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f low i s  pushed away from the wall. The question then a r i s e s ,  
"How i s  a dynamic balance res tored ,  i n  the fully-developed 
s t a l l  region?" 
s e c t  ion . 
rigorous i n  form, It w i l l  be c l e a r  t o  the reader t h a t  
add i t iona l  work, both empirical  and t h e o r e t i c a l ,  i s  needed. 
However, the hypothesis about the nature  of the breakdown 
of the f l o w  t o  fully-developed s t a l l  seems t o  f i t  the known 
f a c t s  very well. What i s  more important,  the  concepts 
developed t o  provide t h i s  explanation can be used t o  ex- 
p l a in  many more known f a c t s ,  and have a l s o  already been 
u t i l i z e d  t o  pred ic t ,  a t  l e a s t  q u a l i t a t i v e l y ,  new r e s u l t s  
which a r e  ver i f ied  by experiment, These matters  a r e  
covered i n  the following sect ions.  It therefore  seems c l e a r  
t h a t  fu r the r  e f f o r t  t o  inves t iga te  the mechanisms described 
i s  c l e a r l y  i n  order ,  and it i s  believed t h a t  the basic  con- 
cept  of the balance between the r a t e  a t  which s t a l l e d  f l u i d  
i s  produced and the r a t e  a t  which it can be swept down- 
stream w i l l  prove f r u i t f u l  i n  t h i s  work. 

developed s t a l l ,  two fu r the r  comments a r e  i n  order. I n  
h i s  b r i l l i a n t  paper on the f l o w  of turbulent  boundary layers  
i n  an adverse pressure gradient Clauser (6)  found one re-  
s u l t  which he was t o t a l l y  unable t o  explain. This i s  the 
mat te r  of downstream i n s t a b i l i t y .  Clauser found t h a t  a s  
the  p ro f i l e s  of the turbulent  boundary layer  were a l t e r ed  
from the type found on a f l a t  p l a t e  flows towards those 
found i n  near ly  stalled boundary layers ,  a t  f i r s t  the  tolar- 
able  adverse pressure gradient  increased,  but then it began 
t o  decrease again. If the mechanisms described above a r e  
accepted as correct ,  then an  explanation of Clauser 's  ob- 
servat ions can be given, Since Clauser 's  measured p ro f i l e s  
represent  mean v e l o c i t i e s ,  no ind ica t ion  of the amount of 
s t a l l  produced i s  given. However, i f  it i s  assumed as  

This question i s  discussed i n  the next 

The foregoing arguments on s t a l l  mechanisms a r e  not  

Before leaving the matter of breakdown t o  f u l l y -  
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s t a t e d  above t h a t  the amount of s t a l l  produced increases  
with increased adverse pressure gradient  and w i t h  increased 
length  of appl ica t ion  of adverse pressure gradient  through- 
out  the t r ans i to ry  s t a l l  regime then it i s  c l e a r  t h a t  the 
des t ab i l i z ing  ac t ion  due t o  coalescence of spots  of s t a l l  
m i g h t  wel l  be the explanation of the i n s t a b i l i t y  observed 
by Clausero 

small  t r ans i to ry  s t a l l  on the profound e f f e c t  of f r e e  
stream f luc tua t ions  on small  t r a n s i t o r y  s t a l l ,  i t  is a l s o  
des i r ab le  t o  comment e x p l i c i t l y  on the e f f e c t  of f luctua-  
t i o n s  on largc t r a n s i t o r y  s t a l l o  The t e s t s  thus f a r  per-  
formed suggest tha t  the e f f e c t  of f l uc tua t ions  on la rge  
t r a n s i t o r y  s t a l l  i s  f a r  less pronounced than the e f f e c t  
on small  t r ans i to ry  s t a l l .  It i s  noted t h a t  l i n e  a-a i n  
Fig,  2 i s  not a l t e r e d  grea t ly  by la rge  changes i n  free 
stream f luc tua t ion  leve l ,  This f a c t  was observed by 
Moore and Kline (1) and ve r i f i ed  by Cochran and Kline (21, 

There i s  s t i l l  some question regarding whether a condition 
can be created by use of an except ional ly  disturbance-free9 
uniform upstream flow i n  which s t a l l  w i l l  a c t u a l l y  begin as 

a two-dimensional phenomenon, tha t  i s 9  i n  which no t ran-  
s i t o r y  s t a l l  w i l l  appear a t  a l l  but the flow W i l l  a l t e r  
suddenly from an  e n t i r e l y  uns ta l led  t o  a fully-developed 
s t a l l  condi t iono 
l y  s ince  there i s  no l i m i t  t o  t he  amount of precautions 
t h a t  can be taken t o  make a smoother and more uniform i n l e t  
condition, However, it can be sa id  t ha t  f o r  the smoothest 
i n l e t  flows thus f a r  achieved such a condition has never 
occurred, In  o the r  words, the f i r s t  s t a l l  observed i n  
every case thus f a r ,  has been t r ans i to ry ;  fully-developed 
s t a l l  then occurs only a f t e r  a f u r t h e r  increase I n  divergence 
angle  o r  L/W1$ apparer,t:c.,. a s  the result  of growth of one or  
more spots  of s t a l l ,  It m u l d  therefore  seem l i k e l y  t h a t  
a Ciree t  t r a n s i t i o n  from an e n t i r e l y  uns ta l led  condi t ion t o  

I n  view of the discussion given i n  the sec t ion  on 

This question cannot be answered de f in i t e -  
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fully-developed s t a l l  i s  not t o  be expected except possibly 
under the most carefu l ly  control led laboratory conditions 
o r  f o r  laminar boundary layers  a t  very low l e v e l s  of f r e e  
stream turbulence,  Under normal conditions f o r  v i r t u a l l y  
a l l  i n t e r n a l  flows and probably a t  l e a s t  many ex te rna l  flows, 
i t  i s  the  authorss bel ief  t h a t  ca re fu l  observation w i l l  show 
tha t  s t a l l  incept ion occurs a s  a t r a n s i e n t  three-dimensional 
phenomenono i- 
FULLY-DEVELOPED S T A L L  

Steady, Asymmetric , Fully-Developed, Two-Dimensional S t a l l  

I n  the  previous sec t ion  the  notion was advanced t h a t  
fully-developed s t a l l  was the r e s u l t  of the  unstable growth 
of a spot of s t a l l  which resu l ted  f rom the f a c t  that  the 
time average r a t e  of production of s t a l l  over a given area 
of wal l  exceeded the  average a b i l i t y  of the  l o c a l l y  ava i l -  
ab l e  momentum forces  of  the mainstream t o  remove the s t a l l e d  
f l u i d ,  It  was also shown tha t  the  a l t e r a t i o n  i n  forces  on 
the  s t a l l  spot  were such t h a t  once such an a c t i o n  commenced 
i t  could be 
s t a l l  o r  a wake area developed, This was seen t o  be i n  ac- 
cord w i t h  the  observed f a c t s  f o r  both a i r f o i l s  and diffusers, 

A question was then propounded regarding how a dynamic 
balance was resLoredo An explanation f o r  t h i s  question can 
e a s i l y  be given i n  terms of the balance between the r a t e  a t  
which s t a l l e d  f l u i d  i s  produced and the r a t e  a t  which it  i s  
ca r r i ed  downstream., 
t o  e x i s t ,  even per iodica l ly ,  these two r a t e s  must be equal. 
The term s t a l l e d  f l u i d ,  as a l ready noted, i s  used i n  t h i s  . 

discuss ion  t o  denote any f luid t h a t  i s  moving aga ins t  the 
main d i r e c t i o n  of flow. 
Fig, 2 o r  Fig. 12f ,  f o r  a fully-developed s t a l l ,  the s ta l led 
fluid includes the  e n t i r e  back flow up the s t a l l e d  wallo 

f l o w  r a t e  of s t a l l e d  f l u i d  and what determines how f a s t  i t  
is removed. The r a t e  of production of s t a l l e d  f l u i d  along 

expected t o  continue unt i l  a l a rge  region o f  

For any steady s t a t e  flow configurat ion 

Hence as can be seen by examining 

Consideration i s  next given t o  what c rea t e s  the  back 

4- 
- 

This, of course, r e f e r s  t o  stall on a f a i r e d  wall. 
Obviously, a two-dimensional s t a l l  can be generated by a 
sharp corner of l a rge  angle, - 49 - 



a given sect ion of wal l  i s  believed t o  be pr imari ly  a func- 
t i o n  of two t h i n g s :  (i> the  value of adverse pressure 
grad ien t ,  (ii) 
d e f i c i e n t  in t o t a l  pressureo What i s  meant by "def ic ien t  
I n  t o t a l  pressuretP i s  defined and analysed i n  d e t a i l  i n  the 
sec t ion  on losses  below, 

away downstream i s  control led by the  r a t e  of mixing o f  the 
s t a l l e d  f l u i d  w i t h  the  mainstreamo This  i n  t u r n  i s  influ- 
enced by t h e  nature  of the  boundary l aye r  (or  s l ipstream) i n  
which t h i s  mixing occurs and by the geometry of the s t a l l e d  
regiono 

r a t iona l f ze  the  behavior of the steady fully-developed s t a l l  
region found i n  d i f fuse r s .  Referring t o  F fg ,  l3a ,  i t  can be 
seen t h a t  the pressure i n  the  e x i t  plane of the  diffuser i s  
cont ro l led  primarily by the  s i z e  of the s t a l l e d  region, This 
i s  proven as  fo l lows ,  

Since the mainstream flows along one wa l l  w i t h  l i t t l e  
f r i c t i o n  ins ide  the  stream, Eulerss equation can be a p p l i e d  
along a streamline a t  the center  o f  the mainstream. This 

t he  amount of f l u id  near  the w a l l  which i s  

I n  a fully-developed s t a l l  the  amount of s t a l l  f l u i d  swept 

With these q u a l i t a t i v e  concepts i n  mind i t  i s  easy t o  

y ie lds :  2 

Also, f o r  a steady configuration cont inui ty  

WIVl = jv2 5 The re f  o r e  : 
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and s ince W = h + 3 subs t i tu t ing  i n t o  (9)  yields:  
2 

2 

- p2 - p1 - w1 cm - - -~-q-=T 

. 

Thus the l a rge r  the value of h, the smaller the value 

Since the flow i n  the fully-developed s t a l l  region i s  
of pressure recoveryo 

known t o  be s teady,  i t  f o l l o w s  from the arguments above 
based on cont inui ty  t h a t  the r a t e  of backflow up the s t a l l e d  
wal l ,  wb? must equal  the r a t e  a t  which f l u l d  i s  removed by 
the entrainment i n  the mainstream, we* 
t h a t  the entrainment flow i s  r e l a t i v e l y  in sens i t i ve  t o  the 
pressure a t  sec t ion  2, and a l s o  t h a t  the backflow i n  t h i s  
case depends pr imari ly  on the pressure a t  sec t ion  2,  then 
the explanation of the s t a b i l i t y  of t h i s  type of  f low pat- 
t e r n  i s  e a s i l y  giveno 

the backflow w i l l  increase,  but the entrainment f low w i l l  
n o t  be mater ia l ly  a l t e r ed ,  Hence, wb) we, and by continu- 
i t y  the s i z e  of the s t a l l e d  region must increase w i t h  time. 
This w i l l  i n  tu rn  increase the dimension h and reduce the 
pressure a t  sec t ion  2 thus tending t o  reduce wb and res tore  
a dynamic balance, A s imilar  argument appl ies  when the 
pressure i s  reduced a t  sect ion 2, 
h decreases,  and the pressure a t  sec t ion  2 r i s e s  tending to  
r e s to re  the dynamic balance, 

If the foregoing argument i s  cor rec t ,  then the r a t e  of 
backflow up the s t a l l e d  w a l l  i s  c r i t i c a l  i n  the performance 
of the d i f f u s e r  In  this  zoneo And any change i n  geometry 
t h a t  tends t o  a l t e r  the backflow r a t e  of s t a l l e d  f l u i d  would 
inf luence the pressure recovery very markedly, This pre- 
s en t s  a simple means f o r  checking the concept developed, The 
following experiment was performed i n  the water t ab le ,  A 
fully-developed s t a l l  was s e t  up, The dimension h was noted. 
Then a s t r i p  of galvanized s t e e l  was inser ted  i n t o  the e x i t  
plane s o  t h a t  i t  blocked the f l o w  across  approximately 

If it  is noted 

If the pressure i n  the e x i t  plane increases  momentarily, 

I n  thfs  case w b < W e  ; 



twenty-five percent of the dimension h near  the s t a l l e d  
wal l  (see Fig ,  13b>,  As soon a s  t h i s  was done, t he  s i z e  
of the  s t a l l  began t o  decrease,  After a few minutes it 
had decreased f o r t y  t o  f f f t y  percent;  i t  then remained 
fixed i n  s ize ,  Ps soon a s  the blocking vane was removed 
from the  e x i t  plane, the s t a l l  zone returned t o  i t s  o r i g i n a l  
sizz0 This experiment was then repeated seve ra l  times, The 
r e s u l t s  were the same each t i m e ,  

It i s  believed t h a t  t h i s  v e r i f i e s  the concept developed 
concerning the n a t m e  of the flow i n  a fully-developed s t a l l  
region. The experiment i nd ica t e s  t h a t  i n  t h i s  regime, cont ro l  
of the pressure recovery can be achieved a t  l eas t  t o  some ex- 
t e n t  by reduction i n  backflow r a t e  a s  w e l l  a s  by increase of 
the  ra te  a t  which the s t a l l e d  flow i s  removed, This again 
re inforces  the idea t h a t  i t  i s  the r a t i o  Wb/we r a t h e r  than 
the i n d i v i d w l  values t h a t  i s  important i n  governing the 
behavior of a s t a l l ,  

This experiment aqso shows t h a t  the flow can be s t rongly 
a f fec ted  by downstream geometry, t h a t  i s  by the geometry down- 
stream of the point of separat ion,  i n  a fully-developed s t a l l  
regime, This f a c t  probably accounts f o r  a l l  o r  a la rge  pa r t  
of s eve ra l  known re su l t s .  F i r s t  of all, the s c a t t e r  i n  the 
d i f f u s e r  performance da ta  i n  the fully-developed s t a l l  regime 
1s enormous. I n  t h i s  region recoveries varying f rom 5 t o  50% 
have been recorded f o r  what appeared t o  be simSlar conditions,  
t h a t  i s ,  f o r  comparable values of divergence angle and length 
t o  width r a t i o o  I t  i s  qu i t e  l i k e l y  t h a t  a la rge  port ion of 
t h f s  var ia t ion is due t o  var ia t ions  i n  downstream geometry 
t h a t  a r e  usually not  considered i n  diffuser  designo These 
var fs t ions  i n  downstream geometry can a f f e c t  the  s t a b i l i t y  
of the  ove ra l l  flow pa t t e rn  by a l t e r i n g  the r a t i o  wbdwe i n  
the fully-developed s t a l l  region, and a s  shown by the example 
above t h e  r e su l t s  may be i n  the opposite d i r e c t i o n  from t h a t  
which would ?x predicted f o r  811 uns ta l led  flow, 

It should be noted t h a t  these e f fec ts  of downstream 
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geometry a r e  probably only important i n  the fully-developed 
s t a l l  regiono They w i l l  be much smaller o r  non-existent i n  
the t r a n s i t o r y  s t a l l  regime, f o r  uns ta l led  flows, and i n  w e l l  
vaned d i f fuse r s ,  It is a l s o  apparent t h a t  i n  some cases 
downstream geometry var ia t ions  on the uns ta l led  wal l  may be 
l e s s  s ign i f i can t  than on the s t a l l e d  wal l  i n  so f a r  as i m -  
provement of performance i n  the  fully-developed s t a l l  re- 
gime fs concerned, It i s  a l s o  qu i t e  c l e a r  t h a t  f u r t h e r  study 
of t h i s  type of behavior is needed in order t o  evaluate  these  
concepts quan t i t a t ive ly  and t o  ob ta in  f u r t h e r  d e t a i l s ,  

t he  ideas  J u s t  given, F i r s t ,  while the  concept of the  
balance between backflow r a t e  of  s t a l l e d  f l u i d  and down- 
stream f l o w  by entrainment i s  basic t o  both zones o f  s t a l l  
described, i n  s eve ra l  other  regards the concepts needed t o  
explain the behavior of the two regimes a r e  very d i f f e ren t ,  
I n  p a r t i c u l a r o  i n  the  case of the  asymmetric, steady, fully- 
d-eveloped, s t a l l  consideration of the  s t a b i l i t y  of the  en- 
t i r e  flow p a t t e r n  and i t s  dependence on the i n t e r a c t i o n  
between the mainstream and the s t a l l e d  region must be 
introduced, This i s  a concept t ha t  transcends c l a s s i c a l  
boundary l aye r  theory; i t  will be found t h a t  s imi l a r  con- 
s ide ra t ions  a re  needed i n  the explanation of the o ther  zones 
of fully-developed s t a l l ,  
again the  f u t i l i t y  o f  dfscussing simply ~ 9 s t a l l e d t 9  and 
% n s t a l l e d v P  flow, Since the concepts required t o  explain 
behavior i n  the  d i f f e r e n t  zones o f  s t a l l  a r e  i n  p a r t  d i f -  
f e r e n t ,  i t  i s  qu i t e  c l e a r  t h a t  the type of s t a l l  prcssent must 
be known i f  any r a t i o n a l  picture  of the  flow behavior i s  
t o  be formed, 

Perhaps of even more p r a c t i c a l  importarice than the  
conclusions j u s t  s t a t ed  i s  the f a c t  t h a t  a l t e r a t i o n  of the 
backflow r a t e  of s t a l l e d  fluid can a l t e r  the behavior of the  
s t a l l ,  This concept will be used t o  advantage again below 
n o t  only t o  r a t iona l i ze  known behavior but a l s o  t o  p red ic t  

Several  o ther  important conclusions can be drawn from 

This discussion a l s o  i l l u s t r a t e s  



means f o r  improving r e a l  fl.ows. From the general  point of 
view, if the c e n t r a l  concept governing the  behavior of 
s t a l l  i s  the balance between the r a t e  of  production of 
s t a l l e d  f l u i d  and the r a t e  a t  which i t  i s  swept downstream, 
then i t  i s  c l ea r  t h a t  t h i s  balance can be improved i n  e i t h e r  
of  two ways: (1) increase the forces  ava i lab le  near the 
wal l  f o r  sweeping s t a l l e d  f l u i d  downstream, (ii) decrease 
the backflow r a t e  along the wal lo  In  most  of the means fo r  
cont ro l  of boundary l aye r s  and wakes proposed t o  da te  explf-  
c i t  use is made only o f  item (tl0 Item (ii) has frequent ly  
been used impl ic i t ly ,  but there  a re  some s i t u a t i o n s  i n  which 
i t  should be possible  t o  obtain considerable improvement i n  
the  flow by e x p l i c i t  use of' item ( i f ) .  This  w i l l  be dis -  
cussed i n  more d e t a i l  i n  the sec t ion  on Ccntrol. of Boundary 
Layers and Wakes, 

J e t  Flow Regime 

I n  terms of the  c l a s s i f i c a t i o n  of s t a l l s  given above 
the  j e t  f low i s  a l s o  a steady fully-developed s t a l l .  It 
has two fully-developed s t a l l  regions ins tead  of oneg however, 
as shown i n  F ig .  2, As previously noted, t he re  i s  again a 
s t a b i l i t y  problem associated with the t r a n s i t i o n  from the 
two-dimensional asymmetric s t a l l  t o  the j e t  flow, Some 
add i t iona l  f a c t s  on t h i s  s t a b i l i t y  problem a r e  now given. 

served i n  the water t ab le  under symmetric conditions,  t h a t  
i s  w i t h o u t  the purposeful i n c l i n a t i o n  of the i n i t i a l  flow 
described i n  the tests above, then the  amount of t r a n s i t o r y  
s t a l l  actually increases  on both walls more o r  less s p -  
met r ica l ly  a s  angle i s  increased. A t  the point  where the 
breakdown t o  fu l ly-develqed  s t a l l  occurs9 very l a rge  
t r a n s i t o r y  stalls w i t h  some areas  of f ixed s t a l l  appear on 
both walls, and t h i s  may continue fop severa l  minutes, O r  

i n  some m s e s 9  even longer if the upstream flow i s  

If the s l o w  b u i l d  up of the asymmetric s t a l l  i s  ob- 
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particularly symmetrico Under these conditions , the main- 
f low moves primarily down the center  of the channelo Then 
some r e l a t i v e l y  large random disturbance o r  some res idua l  
i n i t i a l  e f f e c t  s t a r t s  the mainflow moving from the center  
toward one s ide,  As shown i n  Fig. 14, this creates  a 
l a r g e r  pressure on one side of the mainflow and a smaller 
one on the other  due t o  the curvature of the s t reamlineso 
Hence the backflow up the wal l  toward which the j e t  moves 
i s  decreasedo and the backflow on the o ther  wal l  i s  in- - 
creased. The s t a l l  on the wal l  toward which the j e t  moves 
therefore  tends t o  decrepse i n  s i ze ,  and the s t a l l  on the 
o the r  wal l  increases  i n  size; 
s t i l l  f u r t h e r  from the center;  a l a r g e r  streamline curvature 
occurs)  and the process is continued u n t i l  one wal l  has a 
fully-developed s t a l l  and the mainstream runs down one wall. 
Thus a j e t  i n  the center  of two walls tends t o  be unstable 
under these conditions, This explains  why an asymmetric 
flow i s  found over a wide range of angles. 

f a r t h e r  and f a r t h e r  from the j e t ,  and u l t imate ly  a point 
w i l l  be reached where a small change i n  j e t  shape w i l l  no 
longer mater ia l ly  a f f e c t  the pressure d i s t r i b u t i o n  along 
the  downstream wall. Then the in t e rac t ion  j u s t  described 
will not  occur, and the j e t  regime w i l l  remain s table .  

The explanation given above regarding the  e s t ab l i sh=  
ment of the asymmetric fully-developed two-dimensional 
s t a l l  a l s o  can be used t o  explain the overlap region 
found a t  the t r a n s i t i o n  t o  and from j e t  f low shown by l i n e s  
c c  and dd on Fig. 2, When annle was increased, the t rans i -  
t i o n  was .fo~mrt a t  Une  cce when angle was decreased, the 
t r a n s i t i o n  was+found a t  line dd. As angle was increased 
t h e  t r a n s i t i o n  a t  line cc was slow; the mainstream fought 
i t s  way out i n t o  the center gradually of ten  requir ing more 

On the 
o ther  hand, when angle was decreased the t r a n s i t i o n  a t  l i n e  

This pushes the mainflow 

If the angle i s  continuously increased,  the wal l  moves 

f i v e  m f m t e s  t o  e f fec t  the e n t i r e  t-ransition. 
-&E-- -.-- - . -  
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dd was r e l a t i v e l y  rapid which i l l u s t r a t e s  the unstable nature  
of the  j e t  flow when the cmf in ing  walls a r e  c lose t o  the 
j e t .  

i n  an experiment described t o  the author by H. Emonso This 
experiment cons is t s  of running a small tube from the s t a l l e d  
wall t o  the uns ta l led  wall  a s  shown i n  Fig. 15. This tube 
equal izes  the pressures on the t w o  walls and thus el iminates  
the  i n s t a b i l i t y  caused by the pressure difference across  the 
curved streamlines of the j e t .  Thus j e t  f l o w  i s  s t ab i l i zed  
t o  much lower angles of divergence. 

The nature of t h i s  i n s t a b i l i t y  has a l s o  bean inves t iga ted  
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UNSTEADY FUUY DE;VEI,O PE3- STAR< 

Let us re turn  now t o  the question, ' ! W i l l  a fu l ly-  
developed s t a l l  remain steady, o r  w i l l  it per iodica l ly  shed 
s t a l l e d  f luid? '#  The answer t o  t h i s  question i s  readi ly  
found from the concepts already developed, Consider a 
s t a l l  such a s  tha t  shown i n  Fig, l6a,  I f  the backflow r a t e  
Wb i s  g rea t e r  than the entrainment r a t e  we, then the s i z e  
of the s t a l l  must growb I f  t h i s  process i s  long continued, 
a bulge o r  s t a l l e d  f l u i d  w i l l  u l t imate ly  begin t o  block 
the mainflow, a s  shown i n  Fig. 16b, This bulge a c t s  a s  an 
obstacle  t o  the f low.  It w i l l  consequently have a low pres- 
sure  region behind it ,  and a high pressure region i n  f r o n t  
of it. Thus a po in t  w i l l  soon be reached when the bulge 
w i l l  be ripped off  by the momentum forces  of the  flow and 
proceed downstream a s  a vortex, The f a c t  t h a t  t h i s  must 
be so i s  e a s i l y  seen s ince i f  i t  were not  t r u e  then the 
s t a l l  would soon block the e n t i r e  flow. In o ther  words, 
the growth of the s t a l l  region br ings i n t o  play the same 
increased forces  t h a t  a c t  t o  remove i so l a t ed  s p o t s  of 
s t a l l  once they have l e f t  the wal l ,  t h a t  i s ,  the momentum 
forces  of the mainstream act ing through both impact and 
shearo 

This conception of the unsteady, wake shedding, s t a l l  
should be a usefu l  one i n  t h a t  it suggests means f o r  r e =  
ducing o r  even eliminating the wake shedding process. FOP 
example, i n  the case of the corner two possible  schemes a r e  
shown i n  Figs. 16c and 16d. These configurat ions have not  
been t r i e d ,  and a r e  undoubtedly not optimum ones, The 
scheme of Fig. 16d is somewhat more complicated, but it 
o f fe r s  grea te r  cont ro l  over the s teadiness  of the s t a l l e d  
region because the r a t i o  W b h e  can ac tua l ly  be control led,  
Such schemes may be of p r a c t i c a l  u t i l i t y  i n  c e r t a i n  situa- 
t i o n s  s ince i t  i s  well  known t h a t  the loss due t o  a s t a l l  
region i s  not grea t ,  nor a re  large f luc tua t ions  caused i n  
the  flow i f  the s t a l l  remains f ixed o r  steady. It i s  only 



when the s t a l l  o r  wake sheds la rge  hunks of f l u i d  a s  vor- 
t i c e s ,  t h a t  r e a l l y  g rea t  losses  and l a rge  flow f luc tua t ions  
occuro 

been performed i n  t h i s  connection. A cy l inder  Qf 0.500 
diameter was inser ted  normal t o  the  flow i n  the water table .  
The Reynolds nutiber was approximately 3000 s o  t h a t  the flow 
regime was w e l l  above the upper c r i t i c a l  value found by 
Roshko ( 9 ) .  A s  usual  a wake of a highly f luc tua t ing  nature  
was then found upon i n j e c t i o n  of dye upstream from the 
cy l indero  This wake w a s  about th ree  cylinder diameters i n  
w i d t h  a t  a s t a t i o n  four diameters downstrearc f rom the back 
of the cyl inder .  After  making th i s  obse rmt ion  a cyl inder  
of OeOkPsg diameter was in se r t ed  i n  the wake i n  such a way 
t h a t  i t  tended t o  impede the backflow i n t o  the wake region. 
The most  e f fec t ive  point was found t o  be along the down- 
stream center l ine  s l i g h t l y  forward of the point where the 

The following simple experiment re la ted  t o  wakes has 
99 

f r e e  streamlines coming f r o m  the s t a l l  points  appear t o  
re jo in ,  With the small  cyl inder  i n  t h i s  loca t ion ,  a s t r i k -  
ing  reduction i n  both the s i z e  of the wake and the flow 
f luc tua t ions  was observedo The wake was reduced t o  ap- 
proximately one-third t o  one-half of i t s  o r i g i n a l  s i z e  (the 
exact amount i s  hard t o  determine because of i n a b i l i t y  t o  
def ine the wake region accurately w i t h  dye). The o s c i l l a -  
t i o n s  were not  eliminated e n t i r e l y ,  but t he  s i z e  was much 
reduced and the frequency a l s o  appeared lower. I n s e r t i o n  
of a rod of 8.100'' diameter i n  the same loca t ion  a s  the 
O,Ok1" rod was even more e f f ec t ive  i n  reducing the  s i z e  of 
the wake, and a c t u a l l y  appeared t o  e l iminate  most of the 
f luc tua t ions ;  shedding would only occur now and then, ap- 
parent ly  when a strong per turbat ion came from upstreamo In- 
s e r t i o n  of a f l a t  p l a t e  U16 th  inch  th i ck  and one inch long 
on the downstream cen te r l ine  of the cy l inder  s t a r t i n g  from 
the t r a i l i n g  edge was even more e f f ec t ive ,  The reason f o r  
t h i s  i s  believed t~ be t h a t  the p l a t e  no t  only reduces the 
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backflow up the cen te r l ine ,  but a l s o  prevents large d is turb-  
ances from upstream s t a r t i n g  an o s c i l l a t i o n  of the s t a l l e d  
f l u i d  from side t o  side, and thus placing i t  where i t  w i l l  
be washed downstream by the momentum forces  of the main- 
stream, 
r e s u l t s  reported by Roshko ( 9 ) @  These r e s u l t s  a l s o  suggest 
t h a t  u se fu l  information may be found concerning the problems 
of the f l u i d  induced o s c i l l a t i o n  of cy l inders  such as smoke 
s tacks  and periscopes by considerations of t h i s  kind, 

has already been noted by Ozker and Smith (10) t h a t  
s eve ra l  smokestacks i n  a row give very d i f f e r e n t  r e s u l t s  

This l a s t  r e s u l t  i s  i n  agreement w i t h  s imi l a r  

It 

than s i n g l e  s tacks,  Price and Thompson (11) a l s o  found that 
the  o s c i l l a t i o n s  were markedly a l t e r e d  when la rge  ampl i -  
tudes of the cyl inder  were admitted. 
cep ts  j u s t  discussed this  i s  t o  be expected inasmuch a s  a 
l a rge  l a t e r a l  movement of the cyl inder  would expose previous- 
l y  developed s t a l l e d  f l u i d  d i r e c t l y  t o  the momentum forces  
of the mainstream. 
a l t e r a t i o n  i n  the r a t i o  of production r a t e  t o  removal 
r a t e  of s t a l l e d  f l u i d ,  

of the spinning cyl inder  normal t o  the  f l o w  a s  compared 
t o  the s t a t i o n a r y  cylinder. 
pared years  ago under Prandt l ' s  d i r e c t i o n  f o r  these two 
cases  shows tha t  the wake produced by a spinning cy l inder  
i s  much smaller  and s t ead ie r  than t h a t  f o r  the s t a t iona ry  
cylinder.  I n  terms of the present concepts th i s  would a l s o  
be expected from the f a c t  t h a t  the  s tagnat ion  point occurs 
a t  the r e a r  of the  cylinder i n  the s t a t iona ry  case and on 
the  s ide  f o r  the ro t a t ing  case shown. 
case the  s ta l led f lu id  i s  exposed d i r e c t l y  t o  the mainstream 
f low,  and i s  swept away downstream nearly a s  f a s t  a s  i t  i s  
produced. Consequently, the growth and decay of the  wake 
region does not  occur; t h e  flow i s  much s t e a d i e r  and the 
wake i s  smaller, 

I n  terms of the con- 

It would thus tend t o  cause a la rge  

Similar arguments can readi ly  be applied t o  the case 

Examination of the movies pre- 

Thus i n  the ro t a t ing  
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CRITERION FOR EXISTENCE OF VARIOUS TYPES OF STALL 

The foregoing discussion and descr ip t ion  of experiments 
a r e  not  adequate t o  answer a l l  o f  t he  important questions 
r e l a t i n g  t o  the  many problems discussed. 
t o  be done, However9 it i s  believed t h a t  they are s u f f i c i e n t  
t o  show tha t  the concept of the  dynamic balance between the 
r a t e  of backflow and the  r a t e  of downstream flow of s t a l l e d  
f l u i d  i s  cen t r a l  t o  the  r a t i o n a l  understanding of the  be- 
havior  of s ta l l s ,  Furthermore, i n  terms of the foregoing 
discussion it  i s  now possfble t o  give a more def in i te  
bas i s  f o r  the c l a s s i f i c a t i o n  of s t a l l s  than t h a t  given 
above, The discussion shows t h a t  the  r e a l  bas i s  f o r  the 
c l a s s i f f c a t i o n  suggested i s  a s  follows. If Wb i s  defined 
a s  the t ime  average r a t e  of backflow over a given sec t ion  
o f  wal l  a rea ,  and we i s  defined a s  the time average r a t e  
a t  which t h i s  s t a l l e d  f l u i d  can be swept downstream 
s t e a d i l y  by the ava i l ab le  momentum forces  of the mainstream 
flow, then the  following c r i t e r i o n  appl ies :  

Much work remains 

Wb/We <( 1 Small Transi tory S a l 1  

Wb’we< Large Transi tory S t a l l  

wb/we = 1 Steady Fully-Developed S t a l l  

Wb/we > 1 Unsteady (shedding) Fully-Developed S t a l l  
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RATIONALIZATION OF OTHER KNOWN RESULTS 

VANED DIFFUSERS 
Since the i n i t i a l  purpose of the present work was t o  

expla in  the exce l len t  r e su l t s  found w i t h  vaned d i f fuse r s ,  
i t  1s appropriate  a t  thFs point t o  apply the concepts 
developed t o  t h i s  problem, 

The problem as  s ta ted above i s ,  "How can a vane t h a t  
does not  a l t e r  the pressure d i s t r i b u t i o n  of the po ten t i a l  
f low have any large e f f ec t  on the f low conditions?" The 
answer t o  t h i s  question can now be given readi ly .  As shown 
above , a fully-developed s t a l l  apparently does not  ordinar- 
f l y  begin along a l i n e  i n  the way described by c l a s s i c a l  
boundary l aye r  theory but ins tead  grows from the unstable 
enlargement of a spot of s t a l l ,  
growth apparently a r i s e s  from the f a c t  t h a t  the s p o t  of 
s t a l l  i n  growing pushes the mainstream away from the wal l  
and thus decreases the momentum forces  of the mainstream 
avai lab le  a t  the given wall sect ion.  This i n  turn  reduces 
the r a t e  a t  which s t a l l e d  f l u i d  i s  swept downstream alonng 
t h a t  port ion of wal l ,  
flow i n  such a way t h a t  it tends t o  prevent the mainstream 
from being diver ted away from the wal l ,  apparently,  t h i s  
unstable  ac t ion  can be prevented. A sketch of the type of 
vane configurat ions employed i s  shown i n  Fig, 17a ( f o r  
complete d e t a i l s  see Reference 2), It i s  c l e a r  t h a t  these 
vanes w i l l  indeed tend t o  prevent the mainstream from being 
forced away from one walle The ac t ion  of a s ing le  vane i s  
pictured i n  more d e t a i l  in  Figo l7b. 
steady the vane does very l i t t l e ,  
t r a n s i t o r y  s t a l l  began t o  des t ab i l i ze  the f low,  the vane 
would then have an angle of a t t a c k  r e l a t i v e  t o  the mainflow 
and would c rea te  a pressure d i s t r i b u t i o n  of the s o r t  shown 
i n  Fig.  17b, This pressure d i s t r i b u t i o n  i s  of a res tor ing 
natura;  t h a t  i s ,  i t  tends t o  force the mainflow back toward 

Furthermore, t h i s  unstable 

I f  a vane i s  now inser ted  i n  the 

When the flow i s  
However, i f  a large 



the wal l  on which a fully-developed s t a l l  would otherwise 
begin t o  grow, Hence the e f f e c t  of the vanes i s  of a 
t r a n s i e n t  s t a b i l i z i n g  nature ,  and they can and apparently 
do provide the forces  necessary t o  s t a b i l i z e  the t r a n s i t o r y  
s t a l l  regime and prevent development of large areas  of s t a l l .  

If the foregoing descr ip t ion  i s  true,  then the vanes 
should not  be expected t o  e l iminate  a l l  s t a l l s ,  but r a the r  
should tend tQ prevent the formation of r e l a t i v e l y  la rge  
s t a l l s o  Thus it would be expected t h a t  t r ans i to ry  s t a l l  
w i l l  be found on the  vanes and on the  side wal ls ,  This 
po in t  has been checked i n  both the a i r  u n i t  and i n  the 
water tab le ,  and such i s  indeed the case. The vanes reduce 
the s i z e  of the s t a l l  a t  any one sec t ion ,  but t r a n s i t o r y  
s t a l l s  of various s izes  a r e  cons is ten t ly  found both on the 
vanes and the walls. Apparently, then the vanes hold each 
passage well down i n t o  the t r a n s i t o r y  s t a l l  regime. The 
r e s u l t a n t  overa l l  performance i s  r e l a t i v e l y  good, and the 
flows a r e  r e l a t i v e l y  smooth, 

The foregoing explanation i s  not  i n  c o n f l i c t  with the 
o v e r a l l  design type of explanation of vane a c t i o n  given i n  
references 1 and 2. This ove ra l l  explanation simply s ta tes  
t h a t  each passage should be such t h a t  i t  w i l l  n o t  s t a l l  out 
according t o  the per t inent  s ing le  passage da ta  ( i n  t h i s  
case the  data of reference l), The more de t a i l ed  explana- 
t i o n  j u s t  given shows i n  addi t ion  t h a t  the  o v e r a l l  flow pat- 
t e r n  thus created i s  s t ab le ,  Hence under these conditions 
a good flow i s  found i n  each passage, and one does not  f i nd  
one o r  more of the passages s t a l l e d  out with the e n t i r e  flow 
passing through only some of the passagesc However, if 
the  individual  passages a r e  such tha t  they would i n  them- 
se lves  tend t o  have a fulxy-developed s t a l l  a s  sometimes oc- 
c u r s  when full length s p l f t t e r s  a r e  used, then a t  l e a s t  one 
of the  passages w 4 1 1  s t a l l  out completely, This w i l l  reduce 
the  pressure recovery and thus reduce the backflow i n  the 
o t h e r  passages; i t  may then be possible  f o r  them t o  operate 
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without fully-developed s t a l l s .  The argument proceeds s i m -  
i l a r l y  t o  t h a t  given f o r  the fully-developed s t a l l  region 
above, and i s  merely the f ami l i a r  Dsflow blockage1# concept 
t h a t  has been employed f o r  some time i n  connection w i t h  
cascade ana lys i so  

very large t r a n s i t o r y  s t a l l  region f o r  the symmetric f l o w ,  
then some r e l a t i v e l y  small per turba t ion  could s t a l l  one 
passage en t i r e ly .  I f  t h i s  occurred, the r e su l t i ng  flow 
would be s t ab le  i n  the other  passages, and the configurat ion 
would remaino The design c r i t e r i a  found by Cochran and 
Kline (2) show t h a t  the optimum performance occurs when each 
vane passage lies approximately a t  the l i n e  between small  
t r a n s i t o r y  s t a l l  and large t r a n s i t o r y  s t a l l o  This i s  i n  
agreement w i t h  the  conclusions j u s t  reached from considera- 
t i o n  of the mechanismso 

Similar ly ,  if the individual  passages operate i n  the 

The foregoing discussion a l s o  explaics  why the vanes 
operate  best  when placed along streamlines r a t h e r  than a t  
an angle of a t t a c k  a s  was a t  f i r s t  f e l t  t o  be desirable .  
Since the ac t ion  of the vanes i s  not t o  energize the boundary 
l aye r ,  but instead i s  t o  prevent the unstable growth of s t a l l ,  
i t  i s  c l e a r  t h a t  b e t t e r  performance will be obtained i f  the 
vane loss i s  minimized consis tent  with the s t a b i l i z i n g  ac- 
t ion.  This occurs when the vanes a r e  located on s t reamlines  
of the f low,  This same argument explains  why the vanes give 
the bes t  performance when the angle of optimum ef fec t iveness  
i s  used f o r  each vane passage. As shown i n  reference (2)  , 
the  m i n i m u m  lo s s  i n  a d i f fus ing  passage with a given pres- 
sure  recovery occurs when the func t ion  l - q / q  i s  a m i n i m u m ,  
and t h i s  m i n i m u m  i s  coincident with maximum 11' 
UNVANED DIFF'USERS 

There a r e  s t i l l  a few questions r e l a t ing  t o  unvaned 
d i f f u s e r s  t h a t  have not been ansyered i n  the process of  
developing the concepts above. One of these i s ,  IIHow does 
the s t a l l  develop t h a t  c rea tes  the j e t  f l o w  from the 



asymmetric two-dimensional, fully-developed s t a l l  a t  l i n e  
cc i n  Figo 2"a0" I n  terms of c l a s s i c a l  s t a l l  concepts, t h i s  
quest ion i s  very d i f f i c u l t  if n o t  impossible t o  answer s ince 
the flow now proceeds, apparently m s t a l l e d  down one wal l ,  
and the pressure recovery i s  very low, Thus no reason can 
be seen why i t  should ever s t a l l  off the second wall ,  How- 
everS  i t  i s  shown above that i n  the fully-developed two- 
dimensional s t a l l  regime there  i s  some pressure recoverya 
and a l s o  tha t  t h i s  recovery i s  governed primarily by the 
s i z e  of the s t a l l  region, Consequently i t  i s  c l e a r  t h a t  
some posi t ive pressure gradient  exists on both wal lso 
Thus i n  addi t ion  t o  the f ixed s t a l l  on one wa l lo  some 
t r a n s i t o r y  s t a l l  i s  t o  be expected on the  o ther  wall ,  
Examination of the flow using dye i n j e c t i o n  onto the  ap- 
parent ly  uqstal led wal l  shows t h a t  t h i s  i s  indeed the case3 
t r a n s i t o r y  spots  of s t a l l  do exis t ,  Thus i f  the angle i s  
made very large near the wal l  so t h a t  t he  influence of  the 
f a r  wal l  on the  pressure d i s t r i b u t i o n  of the s t a l l e d  wal l  
i s  small ,  then the spots  of s t a l l  can grow i n t o  a fu l ly -  
developed s t a l l  i n  the way described above, 
a s  the  walls a re  spread a p a r t ,  t h e i r  mutual s t a b i l i z i n g  
inflEence i s  diminished, and unstable s t a l l  growth can take 
place on the second w a l l  a1SQo 

Another questiom t h a t  can now be answered r e l a t e s  t o  
the matter of t a i l p f p e s  on d i f fuse r s .  
i n  many t e s t s  t h a t  addi t ion  of a t a i l p i p e  t o  a d i f f u s e r  of 
poor performance tends t o  increase the recoveryo I n  terms 
of the concepts developed above the explanation t o  t h i s  ef-  
f e c t  i s  evident ,  The add i t ion  of the t a i l p i p e  tends t o  re- 
duce the kickflow r a t e  of s t a l l e d  f lu id  i n t o  an already 
e x i s t i n g  s t a l l  area due t o  the  pressure forces ,  but i t  does 
not  decrease the r a t e  a t  which s t a l l e d  f l u i d  i s  swept down- 
stream by entrainment, I n  f a c t ,  i t  may increase  this r a t e  
by increasing the in t e r f ace  surface on which shear forces  
2an a c t  on a s t a l l ,  Thus the t a i l p i p e  w i l l  a l t e r  the  Value 

I n  o ther  words, 

It has been found 

I 

L 

(I 

c 
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of Wb/we i n  such a way tha t  a higher recovery i s  necessary 
t o  res tore  a steady s t a t e  conditiono 
WAKES AND BASE PRESSUFiEl 

It i s  c l e a r  from the discussion of the  cont rac t ion  
corner  and the experiment on the c i r c u l a r  cy l inder  described 
above t h a t  the concepts developed a re  a l s o  of u t i l i t y  i n  the 
base pressure and wake problems. The same c r i t e r i a  regard- 
ing s t a l l  e x i s t 9  and a l l  data  ava i lab le  t o  the author ,  in-  
cluding a i r f o i l  s tud ies  i n  the water t ab le  suggest t h a t  the 
same phenomena found i n  the d i f fus ing  passages a l s o  occur 
i n  pos i t ive  pressure gradient ex terna l  flows with the s ing le  
exception of the s t a b i l i z i n g  ac t ion  of nearby wal lso 

When the point  was reached i n  the present work where 
de t a i l ed  considerat ion of wakes and base pressures was t o  
be undertaken, a conversation was held w i t h  D r .  De Re Chapman 
of the  Ames Aeronautical Laboratory of the NACA whose work 
on base pressure i s  wel l  known. It was found tha t  D r .  
Chapman and h i s  co-workers had already independently reached 
many of the same conclusions found by the present author f o r  
the  case of the t r u l y  steady, fully-developed stall, In  f a c t ,  
Chapman, Kuehn, and Larson (12) presented a paper a t  the 
Ninth In te rna t iona l  Congress of Applied Mechanics (Brussels 
1956) on the de t a i l ed  analysis  of c e r t a i n  cases of t h i s  type 
of s t a l l o  This b r i l l i a n t  work e x p l i c i t l y  uses the c r i t e r i o n  
Wb/we = 1 f o r  a t r u l y  steady s t a l l ,  It a l s o  makes numerical 
ca lcu la t ions  of the pressure i n  t h e  s t a l l  region based on 
Chapman's e a r l i e r  work (13) p these quant i ta t ive  r e s u l t s  a r e  
ve r i f i ed  by data. This paper therefore  gives a complete and 
remarkably good quant i ta t ive ve r i f i ca t ion  of the ideas  re- 
garding s t a l l s  se t  f o r t h  above f o r  the pa r t i cu la r  case of 
the  t r u l y  steady fully-developed s t a l l o  Thus i t  not only 
provides an important check f o r  the present work which a t -  
tempts t o  apply these same concepts t o  a wider range of 
s t a l l  problems, but it a l s o  gives an exce l len t  means f o r  
computing quant i ta t ive  r e su l t s  f o r  a t  l e a s t  some cases of 



the  type w b h e  =. 10 

Larson s t a r t i n g  from the  case of the fully-developed, t r u l y  
steady stall i n  ex te rna l  f low,  a r r ived  a t  the  same parameter 
a s  the present author who began by consideration of t r a n s i t o r y  
s t a l l  i n  i n t e r n a l  f low,  One o ther  s i m i l a r i t y  of  the  work of 
Chapman, Kuehn and Larson (13) t o  the concepts developed f o r  
use i n  d i f fuse r s  is discussed i n  the  sec t ion  on losseso  

Since the work of Chapmen, e t  a 1  goes considerably f a r -  
t h e r  than tha t  undertaken by the present author f o r  the  case 
of the steady fully-developed s t a l l  and i t s  connection t o  
the base pressure problem, there  i s  no need f o r  f u r t h e r  d i s -  
cussion o f  the matter  here ,  and i t  i s  possible  t o  pass on 
t o  o ther  problemso 
LOSSES I N  DIFFUSING PASSAGES 

I t  i s  worth noting here a l s o  tha t  Chapman, Kuehn and 

A s  noted i n  the  foregoing discussion,  the exis tence of  
the  t r a n s i t o r y  s t a l l  mechanism provides an explanation f o r  
the long standing discrepancy i n  the  da ta  between the 
measured losses  and the known values of wal l  shear and tu r -  
bulent energy d i s s ipa t ion ,  The present discuss ion explores 
the  question: "Why does t h i s  loss  a r i s e ? "  and it suggests 
means f o r  estimating the magnitude of the loss  i n  the small  
t r a n s i t o r y  s t a l l  regime. The est imates  a r e  not  ca r r i ed  out 
i n  the present work, but w i l l  be the subject  of l a t e r  d i s -  
c us s ion e 

A s  noted above the  mechanism of  t r a n s i t o r y  s t a l l  can 
be viewed a s  a self-induced augmented mixing process t h a t  
provides the energy needed f o r  the  wall l aye r s  t o  move 
through the adverse pressure gradient .  Basical ly ,  the  
answer t o  the question: lrWhy i s  such energy needed?!' has 
been known f o r  a long time It i s  simply the  f a c t  t h a t  some 
f l u i d  i s  present i n  the  d i f f u s e r  ( o r  rllore general ly  i n  the  
adverse pressure gradient  zone) t h a t  has a def ic iency of 
t o t a l  pressure due t o  viscous e f f e c t s  i n  the  d i f f u s e r  o r  
upstream, However, considerat ion of  the mechanism cf 
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t r ans i to ry  s t a l l  suggests t h a t  a s l i g h t l y  d i f f e r e n t  view 
than the c l a s s i c a l  one might be of u t i l i t y ;  t h i s  i s  a s  
follows, Any p a r t i c l e  of f l u i d  i n  the d i f f u s e r  t h a t  has a 
t o t a l  pressure l e s s  than the e x i t  pressure cannot move out 
the end of the d i f f u s e r  unless a ce r t a in  m i n i m u m  amount of 
work i s  done on the pa r t i c l e ,  This follows from the f a c t  
t h a t  i f  the particle i s  decelerated t o  zero) i t  s t i l l  w i l l  
no t  have a pressure as  great  a s  the e x i t  pressure of the 
d i f f u s e r ,  
begin with the energy equation f o r  the steady motion of a 
p a r t i c l e  through a control  surface i n  the form: 

An e x p l i c f t  proof of t h i s  f a c t  i s  now given. We 

dQ = dhF + dWx 

By d e f i n i t i o n  % = e + pv, and dWx is the work done by the 
p a r t i c l e  exclusive of flow work. 
a r e  considering ad iaba t ic  f l o w ,  and hence dQ i s  zero. 
Noting t h a t  the only i n t e r n a l  energies s tored i n  the p a r t i c l e  
a r e  the i n t e r n a l  thermal energy, et and the k i n e t i c  energy, 
V /2, w e  can then write Eqn, (11) as: 

In  the present  case we 

2 

dhF = det + pdv + vdp + VdV = -dWx (12) 
where the minus s ign s imply  denotes work input. 
f o r  one pure substance i n  the absence of e f f e c t s  of f l u i d  
shear ,  c a p i l l a r i t y  and ex terna l  f i e l d s ,  and f o r  the? observer 
who r ides  on the  p a r t i c l e ,  the F i r s t  Law, Second Law and 
S t a t e  Pr inciple  of Thermodynamics require  tha t :  

For an ad iaba t ic  process the Second Law of Thermodynamics 
a l s o  d i c t a t e s  t h a t  the entropy may not decrease. Consequent- 
l y ,  the sum det + pdv must be greaker than o r  equal tls zqro; 
the  g rea t e r  than a p p l f e s  to any i r r e v e r s i b l e  and the equal i ty  
t o  any reversible  processo Under the best  possible  conditions, 

t h a t  i s ,  f o r  a revers ib le  process, a given p a r t i c l e  must 
therefore  obey the equation: 

Furthermore, 

Tds = pdv + det (13) 

vdp + VdB = -dW, ( 14) 
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I f  the  work input  i s  zero? the  maximum possible pressure 
r i s e  is: 0 

f - y. V dV v (15) P , " P '  

Eqn. (15) i s g  of course,  nothing but EulerOs equation, and 
could have been used a t  the outset .  However, I f  the  more 
general  form equation (14) is a l s o  used, the minimum amount 
o f  work required f o r  a given pressure r ise  can be found, 
Suppose tha t  the  following process i s  car r ied  ou to  Let the 
p a r t i c l e  moves downstreaE reversibly,  ad iaba t i ca l ly ,  and 
wi thou t  work interchange ,anti1 i t s  ve loc i ty  i s  zerob 
pressure r i s e  created is then given by equation (15) and the 
f i n a l  pressure achieved i s  s tagnat ion pressure by def in i t i on ,  
However, i t  was assumed i n i t i a l l y  t h a t  the p a r t i c l e  has a 
s tagnat ion  pressure less than the e x i t  pressure of the d i f -  
fuser .  Since the  ve loc i ty ,  V ,  of the p a r t i c l e  i s  now zero,  
equation (14) d i c t a t e s  t h a t  any f u r t h e r  pressure rise can 
only occur  i f  

The 

-dW,> 0. (16) 

That i s  a c e r t a i n  minimum work input  is required,  The 
value of t h i s  minfmum work input  i s  the same f o r  any re- 
vers ib le  path between the given end s t a t e s  and it may thus 
be found f o r  the process just discussed by equation (141, 
It i s  consequently: 

= JPexitvdp 
(17) - <w,> 

mine 
P O  

For an incompressible flow, equation (17) i n t e g r a t e s  immediate- 
l y  t o  give 

- (W,3 = V(Pexit - Pol (18) 

o r  more generally, we can wri te  by use of the mean value 
theorem: - - CwX> = v (PeXit - Pol (19) 
where v i s  a s u i t a b l e  average spec i f i c  volume which w i l l  

- 
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always l i e  between the extreme values of v involved i n  the 
in tegra t ion ,  Since v i s  always g rea t e r  than zero by def in i -  
t i o n ,  no ambiguicy of  sign can occur i n  e i t h e r  equation (18) 
o r  equation (19 ) *  It therefore  follows t h a t  the requirement 
of a work input  e x i s t s  only f o r  p a r t i c l e s  t h a t  have a def i -  
ciency i n  t o t a l  pressure. Furthermore, the m i n i m u m  work re- 
quirement f s ,  a t  l e a s t  t o  a f i r s t  approximation, proport ional  
t o  the difference between t o t a l  pressure and e x i t  pressure. 
It i s  a l s o  evident t h a t  i t  i s  impossible f o r  such a work re- 
quirement t o  e x i s t  i n  a favorable pressure gradient  zone 
since by d e f i n i t i o n  i f  6 o then: 

This discussion a l s o  y ie lds  some information on the ef-  
f e c t  of i n l e t  boundary layer  on d i f f u s e r  performanceo The 
ava i l ab le  data  on t h i s  point a r e  scanty; however, what data  
e x i s t s ,  most notably t h a t  of H. Peters  (14) and L i t t l e  and 
Wilbur (15) show t h a t  a strong e f f e c t  ex i s t s .  To data the 
tendency has been t o  cor re la te  the data  on the basfs of the 
boundary l aye r  displacement thickness.  From the  foregoing 
d iscuss ion  i t  would seem that  a be t t e r  parameter could 
probably be formed by comparing the minimum work requirement 
given by equation (17) o r  (18) f o r  the enter ing low energy 
f l u i d  t o  t he  t o t a l  enter ing k i n e t i c  energy, The computation 
of such a parameter ' requfr ts  no g rea t e r  e f f o r t  than the com- 
puta t ion  of displacement thickness of the boundary layer.  If 
a boundary l aye r  thickness  measure i s  t o  be used, the discus- 
s i o n  suggests t h a t  the energy def ic iency thickness might be 
most appropriate ,  However, even t h i s  parameter i s  not a 
proper  measure s ince equation (18) shows t h a t  the work re- 
quirement f s  not only a function of  the enter ing veloci ty  
p r o f i l e  but a l s o  is strongly dependent on the e x i t  pressure 
and hence on the geometry o f  the d i f f u s e r o  Since the energy 
def ic iency  and the displacement thickness  a r e  re la ted  
q u a n t i t i e s ,  i t  i s  not  surpr is ing t h a t  a change i n  performance 



4r 
has been found when 6 
data .  

a given p a r t i c l e  can occur i n  a d i f f u s e r  w i t h  a total pres- 
sure  less  than. the  e x i t  pressureo These are:  (i) i t  
en te r s  w i t h  a very small  t o t a l  pressure,  (ii) i t s  t o t a l  
pressure ins ide  the  d i f f u s e r  i s  decreased ky wal l  shear ,  
(iii) i t s  t o t a l  pressure inside the  d i f f u s e r  i s  decreased 
by viscous e f f ec t s  a r i s i n g  f rom f luc tua t ions  i n  the  flow, 
Data a r e  avai lable  f rom which the def ic iency of t o t a l  pres- 
sure  created by wal l  shear  can be estimated, Means a r e  also 
ava i l ab le  f o r  estfmating the energy d i s s i p a t i o n  due t o  normal 
turbulen t  decay, as i l l u s t r a t e d  f o r  example by Kalinske ( 7 ) .  
how eve^, un t i l  now no account has been taken of the  f l u i d  
t h a t  en te r s  the  d i f f u s e r  from upstream already d e f i c i e n t  
i n  t o t a l  pressure due t o  the  h i s to ry  of the previous boundary 
Pa ye r 

i s  de f i c i en t  i n  t o t a l  pressure w i l l  come from the upstream 
boundary l a y e r ,  I t  therefore  appears I’mperative t o  es t imate  
the e f f e c t  o f  t h i s  def ic iency on performance i f  rational.  
ca lcu la t ions  of d i f f u s e r  losses  a r e  t o  be ca r r i ed  out. From 
consideration o f  cont inui ty  , i t  i s  c l e a r  t h a t  f o r  any steady 
flow, a11 of the f l d d  t h a t  en te r s  the d i f f u s e r  w i t h  a def i -  
ciency of t o t a l  pressure must u l t imate ly  be ca r r i ed  on down- 
stream, 
be cont inual ly  p i l i c g  up i n s i d e  the d i f f u s e r  and a steady 
s t a t e  could not  e x i s t ,  I n  o the r  words,  i n  the t r a n s i t o r y  
s t a l l  regime, by d e f i n i t l o n ,  the  r a t e  a t  which s t a l l e d  f lu id  
i s  produced i s  l e s s  than the r a t e  a t  which i t  can be s w e p t  
downstreamc Hence an est imate  of the l o s s  incurred by the 
a c t i o n  of t r ans i to ry  s t a l l  can be found by computing the 
minimtam work required t o  provide the deficiency of t o t a l  
pressure i n  the  enter ing f l u i d ,  and est imat ing the i r r eve r s -  
i b i l i t y  associated w i t h  performing th i s  work i n  a mixing 

is varied within a homologous s e t  of 

L e t  us now remind ourselves of t he  various ways i n  which 

I n  many cases the l a r g e s t  component of the  f l u l d  which 

I f  this  were not  t r u e ,  then low energy f l u i d  would 



t 

processo I f  the d iss ipa t ion  due t o  wal l  shear and turbulent  
decay i s  added t o  t h i s  t r a n s i t o r y  s t a l l  loss a crude est imate  
of d i f f u s e r  loss can be found, 

What i s  perhaps more important than the d i r e c t  d i f f u s e r  
app l i ca t ion  j u s t  discussed i s  the more general  appl ica t ion  
of the idea t h a t  work must be done on the f l u i d  w i t h  a t o t a l  
pressure l e s s  than t h a t  of the e x i t  pressure i n  a region of 
adverse pressure gradient  and t h a t  th i s  work i s  done pr imari ly  
by mixing and shear  from the surrounding layers*  This idea 
i s  an old one, but it is not  c l e a r  whether the f u l l  implica- 
t i o n s  of it have been understood, 
i s  done primarily by shear, i t  must inherent ly  involve d i s -  
s i p a t i o n  of energy and hence a l o s s  i n  performance. Thus the 
t o t a l  l o s s  i s  not  given by the wal l  shear alone a s  i t  i s  i n  
the  case of the favorable o r  zero pressure gradient  flowo 
The l o s s  apparently usually occurs i n  mixing between the 
mainstream and spots of s t a l l .  Any forces  exerted i n  such 
a case w i l l  consequently appear a s  an ac t ion  by the mainstream 
f l u i d  with an equal  and opposite react ion on the s p o t  of s t a l l .  
Thus the forces  w i l l  not  appear a t  the wal l  unless  the  spot  
of s t a l l  i s  moving along a wall. It i s  l i k e l y  t h a t  i t  i s  t h i s  
added loss t h a t  invariably makes the e f f ic iency  of d i f fus ing  
passages lower than those of apparently comparable nozzles 
desp i te  the higher wal l  shear coe f f i c i en t s  of nozzleso 

recognized very c l ea r ly  by Chapman, Kuehn and Larson (12)  i n  
t h e i r  paper on the steady fully-developed s t a l l .  
one of the c r i t i c a l  ideas  i n  t h a t  paper i s  the use of the idea 
t h a t  p a r t i c l e s  with a deficiency i n  t o t a l  pressure cannot 
escape from a s t a l l e d  region by t h e i r  own act ion.  This idea 
i s  used t o  locate  the dividing s t reamline between the steady 
s t a l l  and the mainstream 

dynamic proof of the correctness  of the concept, and shows 
t h a t  i n  a more general  sense i t  appl ies  t o  the processes i n  

Since the required work 

A c lose ly  re la ted  idea t o  t ha t  j u s t  developed has been 

I n  f a c t ,  

The present discussion provides the e x p l i c i t  thenno- 
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i n  any adverse pressure gradient  flow, 

f e r e n t  way9 the reasons f o r  the behavior predicated,  and 
a c t u a l l y  found i n  the small  t r ans i to ry  s t a l l  regime. From 
the discussion of l o s ses ,  t h a t  i s  energy, j u s t  given it i s  
t o  be expected t h a t  f o r  o the r  conditions held constant ,  
each of the  following w i l l  g i v e  increased amounts of 
t r a n s i t o r y  sta 11: 

The foregoing discussion a l s o  i l l u s t r a t e s ,  i n  a d i f -  

1) Increased adverse pressure gradient .  
2) 

3) Thicker i n l e t  boundary layers ,  
These conclusions are a l l  i n  accord w i t h  those reached 

Increased length of appl ica t ion  of adverse pressure 
gradient.  

from consideration of the forces  on the wal l  l ayerso  

s ion  a l s o  suggests,  but does not  prove, t h a t  increased 
production of s t a l l ed  f lu id  w i l l  g i v e  an increase i n  t o t a l  
d i s s i p a t i o n  i n  the  f low.  Cochran and Kline ( 2 )  have shown 
t h a t  the following r e l a t i o n  between head lo s s  and recovery 
holds f o r  an incompressible one-dimensional diffuser  flow: 

In  addi t ion t o  these conclusions, the foregoing discus- 

This function i s  p lo t ted  i n  Fig, 18 f rom the da ta  of reference 
2 ,  I t  i s  seen t h a t  i t  i s  indeed a monotonically increasing 
funct ion w i t h  increasing divergence angle. This i s  quite 
meaningful up t o  the angle t h a t  corresponds t o  t h a t  f o r  
optimum recovery, tha t  i s  between points  0 and 2 i n  Figo 4, 
and i n  t h i s  region i t  needs no s p e c i a l  i n t e rp re t a t ion .  How- 
everg  f o r  the region beyond optimum recovery, i t  must be 
in t e rp re t ed  w i t h  caxtfon f o r  the following reason., The loss  
of head fs a measure not  only o f  d i s s i p a t i o n  i n  the flow 
but a l s o  of the leaving loss. That i s  i t  charges the  diffuser  
not  only w i t h  the head loss  due t o  d i s s i p a t i o n  bu t  a l s o  w i t h  
t he  excess  of  k i n e t i c  energy leaving the u n i t  above t h a t  which 
would occur wi th  a one-dimensional e x i t  veloci ty  p ro f i l e .  

EL 

. 
1 
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For some purposes t h i s  i s  the measure of loss  des i red ,  but 
f o r  o ther  purposes i t  i s  n o t ,  
o r  downstream duct  i s  added t o  the  d i f f u s e r  some of the  
leaving loss a r i s i n g  from non-uniformity of veloci ty  p r o f i l e  
a t  the e x i t  of the d i f f u s e r  w i l l  usua l ly  be recovered down- 
stream, 

It  i s  not  ye t  c l e a r  whether a uniform increase i n  d i s -  
s i p a t i o n  occurs a s  angle is increased, 
a c t u a l  d i s s i p a t i o n  will increase uniformly with angle up t o  
p o i n t  4 i n  Fig, 18 where a fully-developed s t a l l  f i r s t  oc- 
cur so  Thermodynamic considerations suggest t h a t  the energy 
d i s s i p a t i o n  (exclusive of excess leaving lo s s )  i s  probably 
l e s s  i n  the  fully-developed s t a l l  regime than t h a t  found i n  
the large, t r a n s i t o r y  s t a l l  regime just t o  the  l e f t  of point  
4 of Fig, 18, but de ta i led  ca l cu la t ions  on t h i s  point  have 
not  ye t  been ca r r i ed  out,, 

I n  p a r t i c u l a r ,  i f  a t a i l p i p e  

It i s  c l e a r  t h a t  the  

COMPRESSOR BLADE UNDERFILING, 

One of the mysteries of the compressor and pump in- 
d u s t r i e s  i s  the matter  of blade underf i l ing.  Empirically, 
i t  has been known f o r  a long time t h a t  the  output head can be 
increased a modest amount by beveling the e x i t  edge of the 
blades, 
1 s  therefore  normally only used when the unit does not quite 
meet spec i f i ca t ions  of  head o r  pressure r a t i o ,  No reason- 
ab le  explanation of  the behavior i s  known, I n  t e rns  of the 
mechanism discussed above a possible  explanation can be 
yiven, This  explanation has no t  keen checked, and should be 
considered as a possibility r a t h e r  than a f a c t ,  

If the  data on the flow pa t t e rns  i n  normal cen t r i fuga l  
impel lers  taken some years ago by Fischer and Thoma (16) i s  
examined, i t  c l e a r l y  shows t h a t  t he  impeller operates a t  the  
design c o n d i t i o n  w i t h  each passage i n  the flow regime t h a t  i s  
here  ca l l ed  steady, fully,developed s t a l l ,  
th is  configurat ion apparectly becomes unstable and a ro t a t ing  

This a c t i o n  causes a s l i g h t  drop i n  e f f i c i ency  and 

Far off design, 
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s t a l l  results, However, f o r  the present purposes l e t  us 
consider the design condition, 

Due t o  the  pressure differences created by blade load- 
ing ,  t h e  s t a l l  i n  the impeller i s  on the  suct ion s ide  of the 
blade and the throughflow is on the pressure facs ,  We have 
alre3dy seen t h a t  changes i n  downstream geometry, can a f -  
f e c t  t h e  performaace i n  t h i s  zone qui te  markedly i f  they are 
of such a nature t h a t  they a l t e r  the r a t i o  wb/wee 
case of the impel ler  flow shown schematically i n  figure l g e  
f i l i n g  of the t r a i l i n g  edge of the  blades could a l t e r  t h i s  
r a t i o ,  This might occur i n  the following way. The sketch of 
the f l o w  pa t te rn  i n  Figo 19 shows some rec i r cu la t ion  o r  back- 
f l o w  from the pickup region of the d i f f u s e r  along the suct ion 
edge of each blade, I n  an e f f i c i e n t  unit t h i s  flow cannot be 
l a r g e  compared t o  th.e mainflow since i t  has t o  be pumped back 
out aga ino  That i s  the fully-developed s t a l l  i n  the  passage 
i s  apparently near ly  a closed t r u l y  steady one a t  the design 
point :  and hence most o f  t h e  f low i n  the s t a l l e d  region simply 
r ec i r cu la t e s  in a closed Poop, However, i f  any backflow 
en te r s  from the  d i f f u s e r  pickup due t o  the pressure fo rces9  
then such a f l o w  i s  impeded by the  shear  forces  exerted on 
i t  by the mainflow from the  preseure surface of the next 
passage, If the blade t r a i l i n g  edges a r e  f i l e d ,  then the  
d is tance  between the backflow and the  outflow along the pres- 
sure surface of the next passage i s  reduced and the e f f e c t  of 
t he  shear  forces  i s  increased, This would tend t o  r a f se  the  
output head due t o  the ac t ion  described i n  d e t a i l  in connee- 
t i o n  with a d i f fus ing  passage discharging i n t o  a plenum chamber 
above, That i s ,  the reduction i n  the r a t i o  wb\we causes a 
reduction i2 the s ize  of the s t a l l ,  an increase i n  d i f fus ion ,  
and f " j r ~ % P y  8 res ta ra t icn  of t he  balance between wb and we 
a t  EL higher \value o r  pressuse recoveryo A t  t h e  same time, 
the ac t ior ,  o f  shear bstweeri the backflcw and the outflow 
from the next passage is 8 very strong one, and a reduction 
Lr, t h e  width of the  s9fpstPeam w i l l  cause an appreciable 

I n  the 
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increase i n  d i s s i p a t i o n  with a concomittant decrease i n  
e f f i ciene y 

CONTROL OF BOUNDARY LAYERS AND WAKES 

A l a rge  number of d f f f e ren t  means f o r  the con t ro l  of  
boundary l aye r  flows have heen suggested and/or t r i e d  during 
the  pas t  f i f t y  years ,  Most of these schemes have been suc- 
c e s s f u l  t o  a t  l e a s t  some degree, It i s  therefore  pe r t inen t  
t o  see if the  mechanisms discussed above check the known 
r e s u l t s  and i f  they suggest any f u r t h e r  possible  improvements, 
A l l  of' the  methods of boundary l aye r  con t ro l  previously pro- 
posed rest on one of  two actions:  (i) augmentation of the  
energy of the  f l u i d  near  the wall ,  (ii) 
amount of  low energy f l u l d  near the  wal l  by removing it. 
Both of these concepts are used pr imari ly  i n  a q u a l i t a t i v e  
empir ical  fashion In  prac t ice ,  and s ince they a r e  qua l i ta -  
t i v e l y  t o t a l l y  i n  agreement what has been predicted from 
the  concepts developed above, no dfsagreement o r  c o n f l i c t  
whatsoever i s  apparent, The old idea of DDboundary l aye r  
health!' expressed i n  terms of' ve loc i ty  p r o f i l e  remains 
as  previously a profoundly u t i l l t a r i a n  concepta However, 
the  mechanisms discussed above a l s o  suggest c e r t a i n  o ther  
p o s s i b i l i t i e s  t h a t  may be o f  f u r t h e r  useo 

cne type of s t a l l  e x i s t s  and t h a t  the mechanisms a r e  i n  p a r t  
d f f f e r e n t  f o r  these d i f f e r e n t  types of s t a l l ,  i t  i s  c l e a r  
t h a t  the proper medicine can be more r ead i ly  prescribed f o r  
the  proper d isease ,  For example, the  r e s u l t s  c i t e d  above show 
t h a t  increased turbulence i n  the  en ter ing  stream increases  
the  a n g l e  a t  which fully-developed s t a l l  occurs markedly, 
but tends t o  decrease the angle a t  which small  t r a n s i t o r y  
stalls f i r s t  occuro This i s  e n t i r e l y  reasonable i n  terms 
of  the mechanisms of t r ans i to ry  s t a l l  and the breakdown o f  
t r a n s i t o r y  t o  fully-developed s t a l l  discussed above. How- 
ever ,  i t  is equal ly  c l e a r  t h a t  increased f luc tua t ions  i n  the 
en te r ing  stream may be either he lp fu l  o r  detr imental ,  and 

reduction of the 

In  the f i r s t  place,  once i t  is recognized t h a t  more than 
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t h i s  d e c i s i o n  cannot be made unless the  nature  of flow 
regime i s  k n o w ,  

i s  the f a c t  t h a t  in the. fuullj-developed s t a l l  regions the 
c o n t w l  o f  the backflow r a t e  by con t ro l  of downstream geometry 
is of greatimportarzce,  A d iscussion of  t h i s  point has ax- 
ready been given i n  the sect ions on fully-developed s t a l l s ,  
Bowevers i t  i s  warth noting e x p l i c i t l y  t h a t  the meacs sug- 
gested f o r  control  o f  shedding? and/or recovery in t h a t  flow- 
regime alae n o t  der ivable  from the o lder  concepts b s e d  on 
boundary lager theory alone, In  order  t o  reach the conclu- 
s i o n s  derived i n  t h a t  sectiorr i t  i s  necessary t o  recognize 
the f a c t  t h a t  under some circwnstancos decreasing the back- 
flow r a t e  of s t a l l e d  f l d d  may be f a r  e a s f e r  t o  ac@c;mplfsh 
and e q u a l l y  as e f f e c t i v e  as increasing the  r a t e  a t  which 
s t a l l e d  f lu id  is removed; i t  i s  the  r a t i o  of the two r a t e s  
t h a t  3 s  c r i t i c a l  i n  determination o f  the  flow regime,  It  i s  
also necessary t o  recognize t h a t  the  i n t e r a c t i o n  between the 
f r e e  stream and the boundary layer i s  of g rea t  importance 
pa r t i cu la r ly  I n  the  fully-developed s t a l l .  and wake flows 
where i t  apparently determines the s t a b i l i t y  of the e n t i r e  
f l o w  pa t  tern, 

Another idea t h a t  i s  probably expl icable  i n  terms of 
the  concept of the r a t i o  of forward flow by entrainment t o  
backflow of s t a l l e d  f lu id  i s  the concept t h a t  has been cal led 
"pressure f i l l i ng : '  in some of the  l i t e r a t u r e ,  This is a con- 
cept  tha% has never been c l e a r 9  a t  least  t o  the author. Some 
comments on th i s  type of ac t ion  c m  be made in terms of the 
mechanisms of s t a l l  dfscuesed above. Suppose t h a t  a passage 
i s  such tha% I t  would have a fully-developed s t a l l  i f  it had 
ar! oper, end a s  s h o w  f n  figure 20a, Compare t h i s  geometry 
with t h a t  shown i n  f igure  20b i n  which the end of the d i f -  
fus ing  passage 5s f i l l e d  with a p a r t f a 1  obs t ruc t ion  such a s  
a tuba sheet of a hea t  ex8Lhanger. Let US then assume t h a t  a 
fully-developed s t a l l  ex is ted  i n  the configurat ion of f i gu re  
19b a; im;dicatad by the dot ted l i n e s ,  

Another po in tg  ar,d t h i s  i s  perhaps a more fmportant oneg 

Such a configurat ion 



would cause a r e l a t i v e l y  large pressure drop  between po in t s  
a and b of f igure  2Qb, Since the tubes require a t  l e a s t  
near ly  s t r a i g h t  streamlines i n  the plane of points  b and c 9  
the pressure a t  point  c would be approximately the same a s  
the pressure a t  point  bo Thus the pressure a t  po in t  c would 
be considerably l e s s  than the pressure a t  point d o  A s  a re- 
s u l t ,  there  w i l l  be a f low from the region around point  c 
toward the regfon near point c B  This flow i s  i n  d i s t i n c t  con- 
t r a s t  t o  the backflow tha t  would occur from downstream toward 
po in t  d i n  the absence of the tube sheet  as shown i n  f igure  
20a, In  other  words the tubes a t  the lower end of the sheet 
a c t  very much the same way as the bleed from the s t a l l e d  re=  
gion suggested i n  connection with the cont ro l  of s t a l l  i n  
corners,  The ne t  e f f e c t  of the tube sheet  i s  thus t o  reduce 
the backflow Wb strongly as compared t o  a s imi la r  s i t u a t i o n  
i n  f igu re  2Qa9 and hence it is not surpr i s ing  t h a t  f requent ly  
the fully-developed s t a l l  i s  e n t i r e l y  eliminated, 

Two add i t iona l  comments on th i s  ac t ion  a r e  per t inent ,  
I n  the f i r s t  place,  i f  the mechanisms described i n  the r e s u l t s  
above a r e  appl icable  i n  f igure 20b9 then it  i s  t o  be expected 
t h a t  t r a n s i t o r y  s t a l l s  will usual ly  occur i n  the w a l l  l ayers  
of the passage even though no fully-developed s t a l l  i s  present. 
If t h i s  I s  so  then bhe e f f e c t  of  the tube sheet  i s  s imi l a r  t o  
t h a t  of vanes i n  t h a t  it changes the s t a b i l i t y  pa t te rn  of the 
ove ra l l  flow configuration. However, i t  does s o  by reducing 
the value of Wbg while the vanes apparently a c t  by preventing 
a reduction i n  we loca l ly ,  

In  the second place t h i s  discussion again emphasizes the 
importance of downstream geometry i n  s i t ua t ions  which do o r  
mPght have a fully-developed s t a l l .  I t  also emphasizes the 
f a c t  t h a t  i t  i s  necessary t o  consider the s t a b i l i t y  of the 
o v e r a l l  Plow pa t t e rn  i n  ratfonal iz ing the behavior Of viscous 
flow p a t t e r n s t h a t  might involve large areas  of s t a l l o  TNs 
considerat ion does not replace the @ l a s s i c a l  concepts of the 
e f f e c t  of the pressure d i s t r ibu t ion  of the symmetric po ten t i a l  
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flow on the boundary l aye r  but i s  supplementary t o  it, The 
reasoning i s  very analogous t o  t h a t  employed t o  j u s t i f y  the  
Kutta condition i n  subsonic a i r f o i l  theory, I n  t h a t  case, 
of the  possible p o t e n t i a l  riow so lu t ions  the p a r t i c u l a r  one 
t h a t  s a t i s f i e s  the  Kutta condi t ion i s  se lec ted  because it can 
be shown t h a t  i t  i s  the  only one t h a t  results i n  a s t a b l e  
f l o w  pa t t e rn  i n  the region of the  t r a i l i n g  edge when the 
e f f e c t s  of v i scos i ty  a r e  taken i n t o  account, The actual 
observations,  o f  course, ver i fy  th i s  physical  reasoning and 
a r e  the  f i r m  basis f o r  t he  acknowledged cor rec tness  o f  the 
c r i t e r i o n ,  However, the observations do not expla in  the 
phenomenon; they only ve r i fy  i to  The explanation l i e s  i n  
considerat ion o f  the  s t a b i l i t y  of the g ross  flow pz t t e rn ,  
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1. Visual izat ion s tud ie s  of adverse pressure gradient  flows 
show tha t  a regime of  flow ca l l ed  t r ans i to ry  s t a l l  exists.  
This r e g i m  cons i s t s  of  a flow that i s  apparently un- 
separated but i n  which '!spots of s t a l l "  appear and d is -  
appear randomly near the  wall. This regime i s  not  con- 
Pined t o  a narrow range of flow conditions but instead 
i s  found i n  a wide va r i e ty  of s i t u a t i o n s  w i t h  the  amount, 
s i z e  and d w a t i o n  of the s t a l l s  depending on the  flow 
conditions. 

2, Transitory s t a l l  appears t o  be the usual form of s t a l l  
incept iono 
form and f r e e  from disturbances o r  the s t a l l  i s  brought 
about by a sharp corner ,  s t a l l  appears t o  begin i n  a 
t r ans i en t ,  three-dimensional manner as small  t r a n s i t o r y  
spots .  This a p p l i e s  t o  both a i r f o i l s  and d i f fus ing  pas- 
sages. 

3. The value o f  adverse pressure gradient  and area r a t i o  
a t  which spots  of s t a l l  a r e  f irst  found i n  a d i f f u s e r  
depends s t rongly  on the amount of disturbance i n  the 
f r e e  streame Larger disturbances cause smal l  spots  
of s t a l l  t o  occur i n  the  w a l l  l ayers  a t  lower values 
of adverse pressure gradient ,  and a l s o  increase the 
number o f  small  s t a l l s  occurring f o r  otherwise equal con- 
d i t i o n s @  
small  spots of s t a l l  can occur a t  very low values of 
adverse pressure gradient.  
It  i s  useful  t o  d i s t i ngu i sh  four  types of s t a l l  a s  fo l -  
lows: 

That i s ,  unless the flow I s  u n u s u l l y  mi- 

With very la rge  disturbances i n  the f r e e  stream, 

4. 

Let: wb = backflow rate of s t a l l e d  fluid over given 
sec t ion  of wall 

we = steady r a t e  a t  which s t a l l e d  f l u i d  can 
possibly be removed over the  same wall 
sec t ion  

c 

1 
I I  



Then: Wb/we a 1  Small t r a n s i t o r y  s t a l l  

Large t r a n s i t o r y  s t a l l  

Steady fully-developed s t a l l  

Wb/we 1 

WbIee 1 
Wb/We = l  

Wb/we 7 1 Unsteady fully-developed s t a l l  
(shedding wake) 

I n  t h i s  c l a s s i f i c a t i o n ,  a fully-developed s t a l l  i s  one i n  
which a backflow e x i s t s  over an appreciable sec t ion  of 
wall 100% of the  time; a t r a n s i t o r y  s t a l l  i s  one i n  
which a backflow ex i s t s  over a given w a l l  s ec t ion  only 
p a r t  of the time, 

The flow behavior i n  the four  types of  s t a l l  l i s t e d  is 
not  e n t i r e l y  the same, and i t  i s  necessary t o  recognize 
the type of behavior occurring i n  order  t o  r a t i o n a l i z e  
behavior adequately, In  p a r t i c u l a r ,  i n  the  regimes of 
fully-developed s t a l l  i t  i s  apparently necessary t o  con- 
s i d e r  not  only the  value of Wb/we but also the e f f e c t s  
of the i n t e r a c t i o n  between the  mainstream and the  boundary 
l a y e r  and the s t a b i l i t y  of the e n t i r e  flow pa t te rn .  

The regime of small t r ans i to ry  s t a l l  i s  character ized by 
small i s o l a t e d  spots  o f  s t a l l  t h a t  occur i n  the wall  l aye r s .  
These s t a l l  s p o t s  move upstream a sho r t  d i s tance ,  then 
leave the  wal l  and a re  washed back downstream by the momen- 
tum forces  of the mainstream, The exis tence of  these small  
s p o t s  of s t a l l  even i n  r e l a t i v e l y  mild adverse pressure 
gradfent f lows  explains the  flow pulsat ions and excess 
losses so frequent ly  found i n  d i f fus ing  passages. The 
spots of s t a l l  can be viewed a s  a means of  providing the 
energy needed f o r  the wall l ayers  t o  move through the d i f -  
fuser ,  The force analysis  and the energy ana lys i s  both 
show tht suck energy i s  required i n  m o s t  cases. The 
force  analysis ind ica tes  that  s p o t s  of s t a l l  should be 
p a r t i c u l a r l y  prevalent j u s t  downstream from a point of 

5e 
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minimum pressure,  and t h i s  has been found t o  be t rue.  
The energy ana lys i s  provides the minimum work t h a t  must 
be done i n  order t o  move a low energy p a r t i c l e  through 
a d i f fuser .  Since th i s  work i s  i n  general  done by ir- 
revers ib le  shear  forces ,  a means f o r  roughly est imat ing 
l o s s e s ,  i n  addi t ion  t o  wal l  losses ,  can probably be 
obtained . 

6 ,  The regime of l a rge  t r a n s i t o r y  s t a l l  is a cont inuat ion 
of the regime of small  t r a n s i t o r y  s t a l l ,  and the  d i s t i n c -  
t i o n  i s  one of convenience r a the r  than kind. That i s ,  
a s  divergence angle (adverse pressure grad ien t )  i s  ln- 
creased, with i n l e t  conditions and r a t i o  of wal l  l e n g t h  
t o  throa t  width held constant i n  a d i f fus ing  passage, 
the number and s i z e  of the  s p o t s  of s t a l l  found in-  
crease.  As th i s  process i s  continued, the s p o t s  of 
s t a l l  f i n a l l y  reach a condi t ion where they begin t o  
i n t e r a c t  and where they extend through the  boundary 
l a y e r  i n t o  the  main flow. Such a condition i s  ca l l ed  the 
regime of la rge  t r a n s i t o r y  s t a l l ,  

down i n t o  fully-developed s t a l l  by an unstable  growth of 
a f ixed s p o t  of s t a l l .  The ac t ion  i s  slow ra the r  than 
f a s t ;  over a period of minutes, the e n t i r e  flow p a t t e r n  
shifts  from one of randomly occurring s p o t s  of s t a l l  to  
a f ixed ,  fully-developed s t a l l  on one w a l l  and apparent- 
l y  u r s t a l l e d  flow on the other.  

fully-developed s t a l l s  do not  seem t o  occure This  
I s ,  apparently because the flow configurat ion i s  such 
t h a t  the fully-developed stall configurat ion i s  s t a b l e  
i n  the Sense t h a t  the adjustment i n  wb/we r a t i o  brought 
on by changes i n  pressure forces  i s  of a r e s to r ing  
nature ,  That I s ,  a s t a b l e  steady flow configurat ion 
always ex i s t s .  

7 0  The regime of l a rge  t r a n s i t o r y  s t a l l  appears t o  break 

8. I n  a d i f fuse r  followed by a plenum chamber, unsteady 

9. Conclusions 6 ,  7 and 8 above i l l u s t r a t e  the  na ture  of 

c 
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the add i t iona l  considerations beyond conventional 
boundary l a y e r  theory that must be introduced i n  order  
t o  r a t i o n a l i z e  the behavior of a l l  types of s ta l l s ,  
Conclusions 1 and 2 a l so  i n d i c a t e  t h a t  two-dimensional 
bomdary Iayer  theory by i tself  w i l l  probably not  be 
s u f f i c i e n t  t o  p red ic t  s t a l l  i ncep t ion - in  a t  least  many 
s i t u a t i o n s ,  

10. Conclusions 7 and 8 a l s o  show that the ac t ion  of s t a l l  
i n  passage flow is i n  some ways d i f f e r e n t  from t h a t  
found i n  e x t e r n a l  flow. Because of the in t roduct ion  of 
s t a b i l i t y  emwiderations i t  i s  found t h a t  t he  presence 
of another w a l l  a b  have an appreciable  e f f e c t  beyond 
tha t  predicted fmm customary p o t e n t i a l  theory and 
boundary l a y e r  ana lys i s ,  p a r t i c u l a r l y  f o r  very h i g h  
angles of divergence. 

r e l a t e d  t o  conclusion 10; t h a t  i s ,  the ac t ion  of vanes 
of' the type reported by Cochran and Kline ( r e f ,  2) i s  
not  t o  a l t e r  the pressure d i s t r i b u t i o n ,  but ins tead  de- 
pends on a s t a b i l i z i n g  e f f e c t  under t r a n s i e n t  flow 
condi t ions,  In p a r t i c u l a r ,  the vanes prevent the u- 
s t a b l e  breakdown f r a  t r a n s i t o r y  t o  fully-developed 
s t a l l  mentioned i n  conclusion 70 This has been ve r i f i ed  
by showing that  t r a n s i t o r y  s t a l l s  do occur i n  the  w a l l  
l aye r s  both on the  vanes and the s ide  wal ls  i n  vaned 
d i f f u s e r s  even when the o v e r a l l  performance i s  excep- 
t i o n a l l y  high, 

achieved more r ead i ly  by reduct ion of W b  than by in-  
crease i n  we, The important f a c t o r  i s  the r a t i o ,  Ex- 
p l i c i t  recogni t ion of this c r i t e r i a  should be of con- 
s ide rab le  a s s i s t a n c e  i n  many design s i tua t ions .  
It i s  believed t h a t  the above conclusions should be of 

some as s i s t ance  i n  the understanding and con t ro l  Of stallo 
The concepts developed are i n  agreement with the conclusions 

11, The basic a c t i o n  of vanes i n  d i f f u s e r s  apparently i s  

12,  Under some circumstances, c o n t r o l  of s t a l l s  can be 
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reached independently by Chapman, Kuehn and Larson (ref. 12)  
f o r  the p a r t i c u l a r  case of  t r u l y  steady, fully-developed 
s t a l l o  The flow model found f o r  t r a n s i t o r y  s t a l l  checks 
t h a t  found independently f o r  o the r  la rge  Reynolds and Mach 
numbers by Scherrer and Lundell. The concepts and flow 
models developed a l s o  appear t o  give good q u a l i t a t i v e  
r a t i o n a l i z a t i o n  of a wide va r i e ty  of known but previously 
inexpl icable  phenomena. Despite these checks, considerable 
f u r t h e r  work is  needed both empir ical ly  and t h e o r e t i c a l l y  
before f i n a l  decis ions can be reached on the u l t imate  use- 
fu lness  and range of v a l i d i t y  of the conclusions set  f o r t h  
above. 
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P 
2 Note: W1 and 28 are independently var iable .  

N depends on 28 and W2 on 20 and W1. 
L depends on 20&7ery s l i g h t l y )  
M and r0 a r e  fixed. 

(a) With 20 set 

I 
w2 

(b )  With 28 s e t  a t  45'. 
FIG, I-- GeQme%ry 0% IIBIffusers and Entrance Sections,  
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300 

100 

80 

60 

40 
2 80 

Diver- 
gence 
angle 

20 

. 10 

5 

t I t 
9 8 16 

L/W = Wall Pength/thPoat width 
High I n l e t  Turbulence 

- - - - - -  Low inlet Turbulence 

i 1 
J e t  Flow 

Hysteresis  
Zone 

Fully- 
Developed 
Two-Dimen- 
s i o n a l  S t a l l  

Large 
Tpansi to ry  
S t a l l  

PJo appreciable  
Separation 

FIG, 2a--Zones of Diffuser Flow i n  terms of Governing 
Parameters f o r  Fixed Mean I n l e t  Velocity P r o f i l e  

- 88 - 



f 

Large f8Spots of s t a l l "  
appear and disappear 
i n  various loca t ions  2 

L 

a. Apparently wel l  
behaved flow, 

(Under l f n e  a-a) 
Fig. 2a 

b. Large t r a n s i t o r y  s t a l l  
(time dependent 3- 
dimensional rlow) 

Nearly steady 
rec i rcu la t ing  

(Between a-a and b-b) 
Fig ,  2a 

c .  Steady 2-dimensional d. J e t  flow 
s t a l l .  
(Between b-b and e-c )  (Above d-d) 
Ffgo 2% Fig. 2a 

FIG, 2b--Sehem%tic diagrams of the regimes of d i f f u s e r  flow. 
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West Wall East  Wall West Wall, East Wall 

Unstalled 
(apparently ) 

Very Steady glow 
29 = 7 00 

Unsteady f a i n t l y  
audible pulsations 
Not v io len t  

29 = 16.8' 

Q u i t e  unsteady 
in tense  and v io len t  
s t a l l  0 29 = 24,5 

Quite Stead Flow 
29 = 1 t ,O0 

Very unsteady 
s t rong pulsat ion 
f s 3 - 4  cps 

28 = 21.0° 

No separat ion 
Occasional 
disturbances 

Fa i r ly  s tead8 
28 = 28.8 

Ehch p a i r  of  yquares represents the diverging wal ls  as  seen 
looking out from ins ide  the  d i f fuse r ,  I = i n t e r m i t t e n t  
t r a n s i t o r y  s%alSL; T = t r a n s i t o r y  s k C L ;  TIF = t r a n s i t o r y  
s t a l l  with in t e rmi t t en t  f ixed s t a l l ;  FTT = f ixed  s t a l l  with 
in t e rmi t t en  txansf ta ry  s t a l l ;  F s t a b l e  f ixed  s t a l l .  

= 2.4~104, W1= 3.0s 
W Re 

FIG. 3--Sketeh.es of Flow Pat te rns  (See next gage f o r  higher 
values of 2010 
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I ' C' 
We s t .. Wa 11 East Wall 

No separa t ion  
Occ a s i ona 1 
d i  s t u r  bance s 
on lower end 

Fa i r ly  steady 
26 = 31.1° 

ery minor 
is turbances 

Stead 
28 = 5,20 

West Wall E a s t  Wall 

g Q u i t e  s tead 
26 = 35 .O 

F 

No separation 
Very minor 
dis turbances 

I 1  

Very steady glow 
28 = 42,O 

Each p a i r  of squares represents  the diverging walls a s  
seen looking out from ins ide  the d i f fusers .  I = i n t e r -  
mi t t en t  t r a n s i t o r y  s t a l l )  T = t r a n s i t o r y  s t a l l ;  TIF = 
t r a n s i t o r y  s t a l l  with in te rmi t ten t  f ixed s t a l l ;  FIT = 
f ixed  s t a l l  w i t h  in te rmi t ten t  t r a  s i t o r y  s t a l l ;  F = 
s t a b l e  f ixed s t a l l .  Re = 2.4x10?, L/W-8.0, W1 = 3.00 

I t  

W 

FIG, 3 cont,--Sketches of' Flow Pat te rns  
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40 

30 

25 

20 

15 

10 

8 
0 
N 

6 

4 

4 

FIG. ka--Correlation of flow pa t te rns  w i t h  regimes of d i f f u s e r  
f low,  , 
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29 Overall Flow CoBdiuon Local S t a l l  Condition 

42.0 Very steady 2-D f i x  ed 

3 8 e 2  S t e a a  -- FJearly a l l  f ixed 

Mostly fixed Q a t e  steady 
e s sent  Pa 11y c omple t e  3500 

Fadrlv steady Primarily f ixed 
3101 Nearly 2-D 

Fa i r ly  steady Primarily f ixed 
some t r a n s  i to ry  nearly 2-D 28.0 

Qu%te unsteady Primarily t r a n s i t o r y  
24.5 approaching 2-D some f ixed 

Firmly attached t o  Transi tory 
one wall. Separation 
zones on o the r  wall  21,o 

Unsteady but Tsansitory 
16,8 not violent  -c 

14,s c$-dte steady Transi tory 

700 Very smooth No separat ion 
minor end dfabpbance observable 

c 



0 

0 
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P S  4 , - ~ ~ d x  $" * % 

enlarged con t ro l  surface 

Control surface for force ana lys i s  of w a l l  l a y e r s  
j u s t  downstream from point of minimum pressure 

Q > O  ax 

Y t 

dx + 

1 

I- 
Typical boundary l a y e r  velocity 
p r o f i l e s  f o r  near w a l l  j u s t  downstream 

Dis t r ibu t ion  of shear  forces  
- 

from a point  of minimum 
ax g and %>om pressureo 
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II 
6 fdye trace 

I 
t l  - 

flow Icone spot  moving flow- I 
I 

I dye t r ace  in jec ted  
along l i n e  tt 

\dye moving slowly 
downstream 

(b) S ix ty  seconds or 
SO l a t e r ;  s t a l l  spot  
has formed 

(a) dye t r ace  a s  
placed on wall 

(commonest l oca t ion  
i s  corner,  r a t h e r  
than center  of w a l l  
shown) 

1 I 

f I  
1 

flo- 
I 
I 

t 
(e )  Short ly  a f t e r  (b)  

s t a l l  leaves wall 

t 
I 
I 

I 
- 

I 
I 

+ 

t 
(d) An i n s t a n t  a f t e r  ( c )  

S t a l l  spot  i s  swept 
away by mainstream. 
No s t a l l  v i s i b l e  for 
the moment, 

Small t r a n s i t o r y  s t a l l  a t  approx. 2' t o t a l  divergence w e  
d t h  very high f r e e  stream d i  tnrbances. Turbulent boundary 
layer; Re of order  of 2 x 10 5 . 

FIG. 9 X 

3 
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dye tI!ace 

top view 

flow + I 
1 

I 

I --w 

Dye t race  in j ec t ed  
along l i n e  t t  

on w a l l  so  l a t e r ;  two s t a l l  

I 
( a )  Rye t r ace  as placed (b) Twenty seconds o r  

spots  v i s ib l e .  

t !  
I 

I 
I 

I 

t l  
I 

I - I 
I 
I 

J 

( c )  Short ly  a f t e r  (b)  (d) A n h s t a n t  a f t e r  
Upper s t a l l  leaves wal l ,  (c9 upper s t a l l  swept  
corner s t a l l  s t P l l  mowing away by mainstream 
upstreamc (corner s t a l l  w i l l  

probably shed next )  
Small t r ans i to ry  stall a t  approximately 12' t o t a l  divergence 
angle w i t h  very high free stream d f s t u  banceso Turbulent 
boundary layer;  Rex of order O f  2 x 18 5 

FIG, PO 

I 
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V 
k c k f  low 

I n t e g r a l  theorem of cont inui ty:  
p V,dA = 0 

S 

FIG, 11--Control surface f o r  cont inui ty  ana lys i s  of s t a l l o  
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Flow 

A 

B n e t  pressure 
force 
2 

d 

kT6 e2 dx 
a 6 r u d x  G Z O  “-4- ax 

(momentum forces  small) 
7///// / / / / / / / / I /  

r- --- -- - 

small)  

12a 

12b 

Here 6 i s  l a rge  compared t o  
forces o f  F i g ,  12b, Effect 
of  shear forces i s  thereby 
reduced r e l a t ive  t o  pressure 
fomeso 

7//// / I / / / / , / / / / / /  

12c 

4 
c 



Lsolated spots; drag forces  
a c t  on a l l  surfaces  a s  shown 

12d 

S t a l l s  begin t o  coalesce i n  
cornerjarea f o r  shear by 

1 2 e  

main stream 
reduced 

FIG. 12(cont~d).--Qualitative nature of forces on s p o t s  of 
s t a l l .  



t o  main stream 
a c t s  only along 
2-dimensiona 1 

pressure a t  nose 

of streamlines from Euler ' s  
Equation as: 

n 

S 

Hence average pressure 
stagna t i o n  pres sure of 

n 
= y d n  2 

' -, 

near  po in t  n9 pn, i s  less than 
mainf low. 

12f  

FIG, 1 2  cont,--Qualitative Nature of Forces on Spots of 
s t a l l .  
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W 2 = h +  3 

Fig, l3a 

P 

blocking vane 

Original dividing streamline 
without blocking vane 

Final  dividing streamline 
t h  blocking vane 

Figo 13b-Effect on flow pat tern of impeding backflow of 
s t a l l e d  fluld i n  fully-developed stall. 
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Since equation of motion normal t o  
streamline is : 2 !!*E = Dv 

an R 

Pressures increases  autward from center  of 
curvature of stream1ines)and pH > pL 

FIG. 14--Unstable ac t ion  of Set in confined channel. 
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I n l e t  
flow 

Jet  stable  
in center of channel 

con- 
to a 

FIG. 15--Experfment s t a b i l i z i n g  Jet  flow by equalizing pres- 
sures e 
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s t i l i  in a contract ion corner 

16% 

m a i m  low 

Low 
pressure 



i 

Possible s ta bf If za ti on of contraction corner 
s t a l l  by blocking Wb 

16e 

Possfble stslbillization of contraction corner s t a l l  
by bleeding s t a l l  f l a d  

16d 



L/W1 = 8 

FIG. laa--Typlcal s h o r t  vane i n s t a l l a t i o n  of type t e s t e d  
by Cochran and Kline. 
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t r ans i en t  

/backflow 1 
P a > P b  due t o  Euler ' s  N equation. 

s t a l l e d  f l a t  plate .  
2. p,>pd from known pressure d i s t r i b u t i o n  on 

The tendency is t o  cause restor ing flow because 
f low w i l l  go from ,e- toward do 
such an e f f e c t  would not  Qc~Ur .  

Without the vanes, 

FIG. 17b--IllustraCiora of s t a b i l l z i n g  ac t ion  of vanes. 
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blade \ 
1, Beveled tra i l ing  edge of blade increases inter-  

action between wb and outflow from adJacent 
pas sage. 

FIG,, 19--Possfble explanation of compressor blade underfiling. 



Fully-developed passage s t a l l  a 

Tube bundle 

Passage of Fig, 19% f i l l e d  by a l t e r a t i o n  of downstream 
geometry 
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ERRATA R 



8, Thie ratfonsh&alic?n of the known behavior of the free Jet betweglcr 
channel. wall$ i a  probably wrong, The facta are correctls since %hwy 
me baued bn ob8ervation, but t h e  explanation 18 not adequate since 
s i r n i b  llsasoning hoking downstream yield8 the oppoaita conduBp%mo 
A8 ho b a n  hias pointed out, the effect ie probably simply a 6 b d a M  
with tha width of the  effective j e t  pump formed the elfptsleam of 
the trc9psrated flowo T h i s  point neade further eonaideration, 


